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THE SALT REQUIREMENTS OF LUPINUS ALBUS 

C. H. ARNDT 
University of Pennsylvmia 

Recdmd for pablication Angost 15, 1925 

The seedlings of Lupinus albus have been found to be so well adapted to 
certain kinds of physiological work that it became dearable to detennine the 
composition of a solution which would perform the same function in the study 
of its physiology that Shive’s (2) optimum solution has for wheat. 

Solution and sand cultures were used and manipulated in general as rec¬ 
ommended by the Committee on the Salt Requirements of Plants (1), ex¬ 
cept for certain details here noted. The solution cultures were renewed every 
four days. The plants were grown in 500-cc. beakers (tall form) containing 
400 cc. of the solution. For the sand cultures 1250 gm. of thoroughly washed 
“Juniata” sand was placed in liter pyrex beakers (tall form). The water 
content was held at 62.5 per cent of the water-holding capacity. The salt 
combinations used were: Series I—K 2 SO 4 , CaH*(P 04 )*, MgCNOj) 2 ; Series H 
—KNOs, CaS 04 , MgH 4 (P 04 ) 2 ; Series m— RH 2 PO 4 , Ca(N08)2'; MgS 04 . In 
each series three total salt concentrations in respect to the cation were used: 
X, 0.0021 N; 4X, 0.0084 N; 16X, 0.0336 N. The concentration of the anions 
was the same except as modified by the natinre of the phosphate salt which 
gave the FO4 ion a normality three times that of the other anions. This 
particular method of making up the solutions was chosen to fadlitate the com¬ 
parison of chemical equivalents when r^resented diagrammatically by the 
triangle system. (For the salt ratios see table 1.) Iron was supplied as 
ferric citrate in amounts proportional to the total salt concentration of the 
solutions. All seeds were carefully selected by weight, germinated in moist 
sand, and the most vigorous 25 per cent of the seedlings was sdected for the 
cultures. 

! '‘‘“es 1 was grown in a greenhouse for 25 dasrs duiir^ March. Tte average 
loss from a white spherical atmometer was 15.8 cc. The average daily 
in temperature was 24.4® to 18.3®C., with a daily mean of 21®C., 
laxituum and minimum temperatures of 30°C. and 10®C. Series II was 
. in the same greenhouse for 25 days in May. The average daily loss 
1 white spherical atmometer was 18,1 cc. The average daily range in 
irature was from 28® to 14®C. The maximum temperature was 32®C. 
was approximated on several da)re. The latter temperature is probar 
o high for the best growth of Lupimts aUms, Series in was grown for 
(Ts during July and August on an outside lattice work bench which could 
be co'^jrered during rains. The plants were shaded with a translucent white 

(t 
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oilcloth, from 11 a,m. to 3 p.m., on cleax days when the temperature ex¬ 
ceeded 20®C. The average daily loss from a black spherical atmomeier was 
24.7 cc. The average daily range in temperature was between 31.5® and 18®C. 
A maximum of 38®C, was approximated on 3 days. Regardless of the high 
temperatures prevailing during this experiment, the plants were superior 
to those grown in the previous series. The condition of the plants in the 
best cultures indicated that they might have been kept growing indefinitely. 

EXPERIMENTAL RESULTS 

In table 1 are shown the salt ratios as well as the relative growth in the 
various solutions. The results are shown graphically in figure 1. The 
highest yielding cultures as well as the highest average yield for all cultures 
of a series tend strongly to occur in the 4X concentration. There is an ap- 



AU weights are calculated on the basis of the green weight of culture 9,4X concentration 
of series in, as 100 per cent. Solid portion indicates the average yield of all cultures of a 
concentration; open portion, the relative yield of the best culture; “1,” “4,” and “16” indicate 
the total salt concentrations; “S” indicates sand culture. 

parent exception to this in series II, 16X. The difference, however, is slight 
and the high yielding cultures in the high concentration are all relatively low 
in phosphate. 

The roots were generally best developed and of the best color, in the 4^* 
solutions. In the lower concentration they tended to become brownish a’ 
soft. The tap roots were short and thick and developed few secondary roc 
The secondary roots were best developed in the 16X concentration, exc 
when their development was retarded by the acidity of the solution, 
relative average yields of all cultures of the same concentration of a 5 
as well as the relative weights of the roots in the culture producing the' 
est yield, are shown in figure 2. 
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The effect of the vaxious salt concentrations on the water requirement per 
gram of green weight of tops produced is shown in figure 3, The concen¬ 
tration of the solution had relatively little effect on the transpiration per 
unit w^'-^ht produced, although there is an indication of a slightly^higher 



Fig. 3. Relative Transpiration per Gram of Green Weight Rroducei) 


Height of the solid portion indicates the average for all cultures; -1- indicates the trans¬ 
piration for the best culture, -0-, for the poorest; -0- for the sand culture is only J of its relative 
height. Labels as in figure 1. 


requirement in the 4X co 
tures show a high water n 
ing the effect of the vari 


ses, the low yielding cul- 
DH can be drawn concern- 
transpiration because of 
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the different environmental conditions prevailing during the growth of each 
series, 

A careful record was kept of the H-ion concentration of the original solutions 
and of the effect of the growth of the plant on its reaction. The H-ion con¬ 
centrations of the original solutions ranged in series I, from pH 3.2 to 4.2; 
in Series II, from pH 3.4 to 4,4; in series HI, from pH 3.8 to 4,8. All solu¬ 
tions with an original acidity greater than pH 3.6 gave low 3 delds, even when 
the reaction of the original solution was quickly changed by the plants. The 
strong buffer action of the 16X solutions in series I and II probably accounts 


TABLE 1 

RelaUve yield of cultures hosed on ike green weight 


innc- 

CONCENTftATIOlf 
SALT &AXIOS 

SZRIBSI 

SERIES n 

SERIES ZU 

















X. 

Ca. 

Mg. 

X 

4X 

16X 

X 

4X 

16X 

X 

4X 



1 

1 

1 

4 

123 

133 

88 

72 

73 

39 

59 

88 

89 

74 

2 

1 

2 

3 

112 

122 

55 

86 

90 

64 


108 

98 

73 

3 

1 

3 

2 


56 

35 

78 


77 

53 

87 

94 

82 

4 

1 

4 

1 

107 

SO 

22 

43 

19 

116 

71 

99 

83 

74 

5 

li 

li 

3 

113 


98 

70 

87 

77 

54 

71 

99 


6 

li 

2i 

2i 


118 

54 

68 

91 

62 

79 

101 

90 


7 

li 

3 

li 

112 

82 

38 

92 


78 

75 

95 

99 


8 

2 

1 

3 

104 

13S 

84 

59 

96 

37 

86 

86 

79 

72 

9 

2 

2 

2 

108 



81 

wmm 

80 

79 


98 

100 






14.8t 






21.9t 


27.4t 

10 

2 

3 

1 

93 

58 

40 

71 


114 

76 


72 

75 

11 

2i 

li 

2i 

119 

134 

74 

68 


93 

74 

63 

109 


12 

2i 

2i 

li 

104 

88 

58 

88 

110 

96 

70 

114 

69 


13 

3 

1 

2 

98 

95 

112 

61 

104 

73 

65 

94 

85 

57 

14 

3 

li 

li 

88 

98 

94 

61 

84 

95 

79 

82 

79 


IS 

3 

2 

1 


80 

53 

63 

112 

96 

91 

108 

98 

67 

16 

4 

1 

1 


109 

45 

46 

111 


59 


88 

40 

Average. 



63,1 

69.6 

99.7 

88.1 

70.6 

97.7 

86.5 

7S.9 


J 

+23 

+39 

+49 

+23 

+12 

+28 

+21 

+ 11 

+23 

+24 



=fcl2 

-46 

-41 

-26 

-27 

-41 

-17 

-34 

-17 

-35 


♦ Same salt combination as series m, 4X concentration. The relative weights of 9 in the 
X and IdX concentrations were 63 and 82 per cent respectively. The plants in the latter 
culture were stongly chlorotic, 
t Weight of no. 9,4X, in grams. 

for the extremely poor yields of the cultures high in phosphate. This was 
plainly evident when the acidity was associated with a high calcium concen¬ 
tration. The roots were unable to penetrate the solution in cultures 3, 4, 
7, and 10 of series I and 16X concentration. The growth of the plants in 
series II changed the reaction of the solutions only slightly. Certain cultures, 
peculiarly, tended to become more add with the limit at pH 3.7. This was 
the reaction after 4 days in several of the highest yielding cultures. The 
critical H-ion concentration for Lupinus albus is somewhere between pH 3.4 
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and 3.6 when the acidity is due to phosphoric acid formed by the dissociation 
of a monobasic phosphate. 


DISCUSSION 

A study of the results does not indicate that a certain specific ratio of the 
cations is required. There is no evidence to justify the term “calciphobe” 
as formerly applied by ecologists to Lupinus albus. When the results are 
plotted graphically by means of the triangle system, and the anions rather 
than the cations are placed at the apices, specific effects are shown for certain 
concentrations of the anions. In the X and 4X concentrations, the concen¬ 
tration of the nitrate ion seems to be a limiting factor. At least, there is a 
strong tendency for the low yields to be associated with a low nitrate con¬ 
centration (fig. 4 and S). As the total concentration of the solution is increased, 



Fig. 4. Graph to Show Distribution op Highs and Lows in Relation to the Anions 
IN THE 0,0021 N Salt Concentration 

Two highs and lows are taken from each senes. The solid dxdes indicate highs, the open 
dicles lows. Two concentric circles indicate two lows at that point, a solid center indicates 
two highs. 

Fio. 5. As IN Figure 4, Except for a Total Salt Concentration op 0.0084 N 

the high yielding cultures tend to shift from the nitrate to the sulfate apex, 
with strong tendencies away from the phosphate apex. This also applies 
to series HE in which acidity was not a limiting factor (fig. 4, S and 6). This 
tendency was particularly well shown in the sand cultures (fig. 7) in which 
after the beginning of the growth of the plants, a H-ion concentration of pH 
5 to 5,6 was maintained. All cultures at the phosphate apex were strongly 
chlorotic and did not develop normal coloration upon the addition of in¬ 
creased amounts of iron. This was also true of sand culture 9,16X concen¬ 
tration. The effect of the anions on the yield is clearly shown by a compari¬ 
son of the average yield of the three cultures at each apex. “When the cen¬ 
tral culture is given as 100 per cent, the 3 rields were: 1^4 apex, 54 per cent; 
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SO4 apex, 78 per cent; NO3 apex, 82 per cent. It must not be forgotten in 
considering these results that the normal concentration of the phosphate ion 
is three times that of the sdfate and nitrate ions. 

The investigations here reported (because of the inherent difficulties en¬ 
countered in work of this nature) are necessarily only preliminary and any 
future researches will surely modify the results. The author does feel, how¬ 
ever, that he has obtained sufficient information to justify the original object 
of the investigation. The use of Lupinus albus in salt balance work will prob¬ 
ably not be continued here because climatic conditions in eastern Pennsyl¬ 
vania axe unfavorable for growing it to maturity. 




Fto. 6. As IN Figure 4, Except por a Total Salt Concentration op 0.0336 N 

Fig. 7, Highs and Lows in the Sand Cultures 

Open drdes indicate lows; open ooncentiic circles, the poorest culture; solid dicles, highs; 
solid center with a concentric circle, the best culture. Total salt concentration, 0.0084 N, 

SUMMARY 

A very favorable total salt concentration for the growth of Lupinus albus 
is 0.0084 N when calculated in respect to the cations. 

The salt ratios should be 5:3:4 for potassium, calcium, and magnesium; 
or 5:9:4 for the nitrate, phosphate, and sulfate ions, respectively. A solu¬ 
tion composed of 0.0035 N KNO», 0.0021 N CaH 4 (P 04 ) 2 , and 0.0028 N 
MgS 04 , will produce a favorable growth when the H-ion concentration is 
less than pH 3.6. 

High concentrations of phosphate tend to produce chlorosis. 
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One of the most important problems in American agriculture today is the 
correct usage of commercial fertilizers. The increased tonnage of fertilizers 
sold in the eastern and southern states and the marked benefits from various 
materials on western soils, indicate definitely that the use of commercial 
fertilizers in the United States is destined to grow rapidly. With their use, 
however, comes the question of the proper method of application. 

The two common methods employed in the distribution of fertilizers are 
by broadcasting and by applications at the hill or along the drill-row. Most 
farmers prefer the latter localized method as it avoids a separate operation 
and often gives more profitable increases in crop yields. But it may fre¬ 
quently result in injury to seed germination and to plant growth, as is ap¬ 
parent from many studies. Some of the potato and cotton planter manufac¬ 
turers are attempting to eliminate the danger of this burning effect of ferti¬ 
lizers by locating them dbme the seed with soil interposed, bdm the seed, at 
the sides^ or rather thoroughly irm^ei with the soil in the seed row. It has been 
noted that plants vary among themselves as to this injury too, the legumes 
and cotton being much more sensitive to fertilizer burning than the cereals. 

Althou^ there is some diversity of opinion as to the nature of the injury, 
several investigators have concluded that it is due to the increased osmotic 
pressure of the soil solution and to the consequent retardation in absorption 
of water by the seed. Some have found a relationship between the inhibited 
germination or retarded plant growth and a stimulation in the growth of 
fungi brought about by the fertilizer. A caustic or burning effect of certain 
fertilizers on the seed or plant roots has been noted in many tests. The 
injury to plant growth from hiU fertilization has also been attributed to 
drought brought about by an over-luxuriant vegetative growth, which in- 

1 Part I of a thesis (without historical section, bibliography and photographs) presented 
to the faculty of the Iowa State College in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. 

* The writer wishes to thank Dr, P. E. Brown for his kindly interest and helpful advice 
during the progress of this work. Indebtedness to Dr. Paul Emerson, Prof. L. W. Forman, 
and Prof. L. C. Burnett, for their assistance and timely suggestions, is also gratefully ac¬ 
knowledged. The establishment, by the National Fertilizer Association, of the fellowship 
which made possible this research h^ likewise been de^ly appreciated. 
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creases the water requirements of the plants. Restricted root development 
may in part be the cause of growth injury. 

It has been shown that the climatic or seasonal condition, especially the 
rainfall, is one of the most important factors influencing the occurrence of 
injurious effects from fertilizers. The concentration or size of application 
is always of large signiflcance as is also the composition of the fertilizer, the 
greatest injury occurring when the more soluble chemical fertilizers are used. 
This fact becomes all the more important when it is noted that the trend 
of the fertilizer industry is toward chemical mixtures, as for example, the 
nitrate plants bmlt to make air-nitrates. 

The effect of soil type and the movement of salts in soils have been studied 
by several investigators, and varying results have been secured. The rate of 
fliffnsinn certainly plays a large part in determining the effects of fertilizers. 

EXPEKCMENTAl. 

The experimental work reported in the following pages involved studies 
of the effects of numerous fertilizers upon seed germination, upon plant 
growth, and upon certain soil conditions, with various methods of applying 
the fertilizer rdative to the drill-row and bill. Studies of root spread and 
fertilizer movement throu^ soils watered in several -mys were also conducted. 
The tests were all hand planted both in the field and in the greenhouse. 

Field germination tests 

These tests were conducted on the Agronomy Farm and various fertilizers 
were compared as to thdr toxidty upon com germination, when applied in 
dwect contact in the driU^ow at planting, direct contact in the MU, hdcm the- 
row, below the MU, above the row, and (U the side of the row. Tables 1, 2, 3, 4 
and 5 give the outlines of the respective tests and the data secured. Germi¬ 
nation counts were made at intervals of several days but only the first and 
last counts are given. 

In all of the row studies, the fertilizer application was tested in a row 3^ 
feet long with 1-foot intervals between and 20 kernels planted for each treat¬ 
ment. The MU treatments comprfeed 5 hills of 10 kernels each, except in 
the bdaw the MU studies where 25 kernels represented a perfect stand. 

The fertilizer applications were based upon hills 42 inches square and re¬ 
quired 12.757 gm. per hill, equivalent to 100 founds per acre. A tin box 2 inches 
wide 1^ 3 inches long with the bottom removed, served to make the applica¬ 
tions uniform in surface spread and depth of planting in all of the studies. 
The row tests recdved each fertilizer as a strip 1-inch wide. The commercial 
2-12-2 used in all of these t^ts was Armour’s Big Crop brand. The dhmi- 
cal 2-12-2 was home-mixed, uang nitrate d soda, add phoqihate, and 
muriate of potash. The soil type was Carrington loam, a dark brown up¬ 
land soil of rather high productivity and extendvdy foimd in the Wisomsin 
drift area of Iowa. 
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The rainfall interfered very markedly with the germination results and 
undoubtedly there was less injury than would have been found under con¬ 
ditions of continuous dry weather. Nevertheless, 16 per cent acid phosphate 
retarded germination for all of the rates used in the direct contact in the row 

TABLE 1 


Gemination counts of corn hand drilled and fertilised direct contact in the row* 


FTaTXLTZCiR 
APPLICATIONS 
PATE PER 
ACRE 

ACID PHOSPHATE 
(16 PER CENT) 

COlOfERCIAL 

2-12-2 

CSEUICAL 

2-12-2 

1 

1 lOEED 

0-12-2 

Days after planting on wliich the counts were made 


8 

15 

8 

IS 

8 

IS 

8 

15 

pounds 









Check 

17 

20 

l 17 

20 

17 

19 

16 

19 

100 

8 

20 

10 

17 

1 

19 

2 

20 

150 

4 

20 

1 

14 

1 

20 

2 

19 

200 

7 

19 

0 

5 

0 


0 

19 

250 

2 

18 

0 

8 

0 

15 

0 

15 

300 

1 

14 

0 

4 

0 

15 

0 

13 

350 

0 

12 

0 

3 

0 

13 

0 

11 

400 

0 

13 

0 

1 

0 

7 

0 

12 

450 

0 

8 

0 

2 

0 

9 

0 

6 

Check 

16 

20 

18 

19 

14 

19 

16 

20 



ROCK PHOSPHATE 


NITRATE OF SODA 

UDRIAIB OF POTASH 
(AUERICANTRONA CORF.) 

RATS PER ACBS 

Da^s after planting on 

RATE PER ACRE 

Days after planting on which the 


which counts were made 


1 

counts were made 



8 

IS 


8 

15 


IS 

pounds 



pounds 





Check 

19 

19 

Check 

20 

20 


20 

100 

19 

19 

25 

14 

20 


20 

150 

20 

20 

50 

5 

19 

1 

19 

200 

19 

20 

75 

0 

17 

0 

14 

250 

18 

20 

100 

0 

14 

0 

4 

300 

19 

19 

125 

0 

6 

0 

1 

400 

20 

20 

150 

0 

5 

0 

1 

500 

20 

20 

175 

0 

1 

0 

2 

600 

19 

20 

200 

0 i 

0 

0 

0 

Check 

17 

19 

Check 

19 

20 

19 

20 


* Twenty plants per 3J feet of row represent a perfect germination. 


studies shown in table 1. It failed to show prevention of germination, how¬ 
ever, until 300 pounds per acre was applied, when a 70 per cent stand was 
secured* Of all of the fertilizers tested, it was the least toxic in its effect 
upon corn germination, except of course raw rock phosphate. The other 
fertilizers all injured germination, varying considerably as to the limits of 
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their toxicity. The commercial 2-12-2 gave pronounced injury at about 
200 pounds per acre. In fact, this rate reduced the germination to 25 per 
cent of a perfect stand. 

The applications of nitrate of soda alone and of muriate of potash alone 
produced the greatest injury. AH rates tested, even 25 pounds per acre, 
gave a retarded germination. The respective breaking points, or rates at 

TABIE 2 


The eject cf various fertiliser locations fdaim to the seed in the raw upon com gemmation 



1 INCH BELOW SEED 

1 INCH ABOVE SEED 

1 INCH SIDE OP SEED 

7ERTILX7SR 
AFPLXGAnONS 
SATSPEX ACRE 

Days after planting on which the counts were made 


10 

20 

10 

20 

10 

20 


Nitrate of soda 


pounds 

Check 

20 

20 

20 

20 

14 

20 

100 

0 

1 

18 

18 

12 

18 

150 

0 

2 

14 

18 

17 

19 

200 

0 

1 

15 

16 

16 

18 

250 

1 

1 

8 

13 

18 

20 

300 

0 

1 


12 

9 

19 

350 

0 

0 


9 


19 

400 

0 

0 


7 

HSH 

20 

450 

0 

1 


2 


18 

Check 

19 

20 

20 

20 


19 


Commercial 2-12-2 


Check 

19 

19 

18 

18 

20 

20 

100 

i 15 

20 

20 

20 

20 

20 

200 

17 

20 

19 

20 

19 

19 

300 



19 

20 

19 

20 

400 



20 

20 

18 

19 

500 



20 

20 

20 

20 

600 

0 

6 

20 

20 

17 

18 

700 

0 

2 

19 

19 

19 

20 

800 

0 

0 

18 

19 

16 

19 

Check 

19 

20 

19 

20 

20 

20 


"which actual inhibition of geimination occurred, were 125 and 100 pounds 
per acre. The fact that 0,84 inches of rain fell just 3 day^ after planting ^ 
should be emphasized, for the breaking points were undoubtedly raised by 
50 pounds or more. At the 100-pound rate, the muriate pennitted only a 
20 per cent stand. 

Where the fertilizers were applied 1 indt bdow, 1 inch abovBy and 1 inch 
to one side of the seed row (table 2), the upward movement of the soluble 
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fertilizer salts througli the soil and the injury to com germination are very 
apparent, especially in the case of nitrate of soda. Even the lowest rate 
tested—100 pounds per acre—gave complete inhibition. The commercial 
2-12-2 showed the same tendency, only to a lesser degree. The above treat¬ 
ments permitted good germination with the commercial 2-12-2, but in- 

TABLE 3 


GemdnaUon counts of comfertiUzed in the kill^ 



ACID PHOSPHATE (16 PER GENT} 

COICUERCIAL 2-12r2 

GHEIOCAL 2-12-2 

ISRTILIZSR 
ASTUCATIOm 
RATE FEE ACRE 

Days after planting on which the counts were made 

9 

15 

9 

15 

9 

15 

pounds 

Check 

27 

47 

47 

i 

49 

[ 

44 

46 

20 

23 

50 

17 

45 

38 

47 

40 

25 

46 

2 

19 

23 

46 

60 

24 

41 

0 

6 

11 

39 

80 

21 

31 

0 

0 

5 

31 

100 

11 

18 

0 

0 

0 

13 

120 

9 

17 

0 

0 

0 

4 

140 

1 

7 

0 

0 

0 

0 

160 

0 

1 

0 

0 

0 

0 

Check 

36 

43 

47 

47 

46 

47 



mXRATE OP SG9DA 

SXHPATE OP AHHOHU 

RAIS PER ACRE 

Days after planting on which the counts were made 


9 

IS 

9 

15 

Pounds 

Check 

47 

47 

47 

48 

5 

17 

48 

41 

50 

10 

8 

44 

24 

50 

20 

0 

42 

8 

46 

30 

0 

22 

2 

41 

40 

0 

9 

2 

33 

50 

0 

6 

0 

17 

60 

0 

0 i 

0 

5 

75 

0 

0 

0 

1 

Check 

46 

48 

45 i 

48 


* Fifty plants represent a perfect germination. 


hibited germination with the high applications of the nitrate of soda. This 
was very likely due to the downward diffusion of the nitrate, even under the 
prevailing conditions of dry weather. 

Absolutely no injury to germination, either retardation or inhibition, was 
detected from any of the fertilizers applied along the side of the seed row with 
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soil interposed. These results axe in agreement with the writer’s previous 
findings in New Jersey for both rainy and dry seasons. 


TABLE 4 

Germination counts of corn fertilized 1 inch helm seed in the hills'^ 


irCRTILIZBa 
APn^ZCAXIONS 
XAIEFER ACSE 

ACm PHOSPHATE (16 PER CEKT) 

COIOCBRCIAL 2-12-2 

NITRATE OP SODA 

Days after luting on whidi the counts were made 

9 

IS 

9 

15 

9 

15 

pounds 







Check 

24 

25 

25 

25 

25 

25 

100 

12 

24 

IS 

25 

18 

24 

150 

21 

25 

15 

25 

2 

23 

200 

24 

25 

11 

24 

0 

23 

250 

23 

25 

13 

23 

0 

11 

300 

16 

24 

9 

22 

0 

8 

350 

21 

24 

5 

17 

0 

7 

400 

8 

21 

0 

18 

0 

0 

450 

5 

18 

0 

15 

0 

1 

Check 

25 

25 

25 

25 

23 

25 


* Twenty-five plants represent perfect germination. 


TABLES 

Effect on com germination of varying the width of fertilizer strip f located 1 inch below the seed 

in the rou^ 


PERTILEEHR TREATMENTS 

WIDTH OP PBRTXLIZER STRIP 



l-mcb 

2-inch 


Kind 

Rate per 
acre 

Days after idantmg on which counts were made 



9 

15 

9 

IS 

9 

15 


pounds 


■ 



■ 


Add pho^hate (16 per cent).| 

200 

400 

17 

18 

m 

18 

19 

20 

19 

i 

20 

20 

Chemi^d 2-12-2.| 

200 

14 

20 

17 

18 

19 

20 

400 

12 

15 

14 

17 

14 

20 

Nitrate of soda..| 

200 

1 

3 


7 

2 

12 

400 

0 

0 


2 

0 

4 


* Twenty plants represent a perfect germination. 


In table 3, the effects of direct contact in the hill applications of fertilizers 
are showiL The results of an additional test with acid phosphate and com¬ 
mercial 2-12-2 are not given, as they were quite similar to those presented- 
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Again acid phosphate proved the least injurious of the various fertilizers 
tested. However, its breaking point was around 100 pounds per acre, or 
much lower than when applied in direct contact in the row. 

The commercial 2-12-2 gave a pronounced injury and its breaking point 
was between 20 and 40 pounds per acre. Applications of 80 pounds and 
more completely prevented germination. This occurred under conditions of 
high moisture content in the soil too, for it rained 0.76 inch just two days 
prior to the planting. The nitrate of soda and the sulfate of ammonia also 
gave badly injured com germination. The breaking point of the former 
was between 30 and 40 pounds per acre, whereas for the latter it was about 
60 pounds. 

From these results it appears that all fertilizer attachments permitting the 
direct contact in the hill location of fertilizers are very undesirable for use. 

The effects upon com germi n ation of three fertili^s when located 1 inch 
below the hill are given in table 4. Rainfall on the day following the planting 
and three days later certainly affected the results; nevertheless, the injury 
from the nitrate of soda was marked. It showed a breaking point of 250 
pounds per acre, at which application there was a 40 per cent germination. 
The acid phosphate and the commercial 2-12-2 gave no positive inhibition 
of germination, but retarded the germination for all of the rates tested. The 
behw location of fertilizers evidently will not eliminate the dangers to seed 
germination. 

Table S shows the results of a study of the effects upon germination of 
varying the width of the fertilizer strip located 1 inch below the seed row. 
In general it was found that the wider the strip for a given fertilizer at a given 
depth below the seed in this soil, the less was the injury to germination. This 
fact was again shown best by the nitrate, but the chemical 2-12-2 also 
indicated it. The add phosphate failed to give any noticeable retardation 
of germination for the various rates of application tested. 

If below methods of fertilizer distribution are used, provision should cer¬ 
tainly be made for adjusting the area of spreading the fertilizer or the width 
of its strip and the depth below the seed-row or hill. But it has not been 
shown condusively that there is no danger to root development and seed¬ 
ling growth from large applications of concentrated soluble chemical ferti¬ 
lizers located below the hill or the drill-row and hence the method is not rec¬ 
ommended, The results do seem to indicate, however, that side locations 
of the fertilizer are safe to germination and effective in benefits. 

Greenhouse studies 

Some row and hill fertilization studies were made under control condi¬ 
tions in the greenhouse. Wheat and oats were grown in benches with row 
applications of the commercial 2-12-2 fertilizer, applied in treatment-lengths 
of 1 and 5 feet respectively. On the basis of these treatment-lengths and 
with a 7-inch inter^, the wheat received 2.43 grams whereas the oats 
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received 12.15 grains per 400 pounds per acre application. The Ammo- 
Phos plus KCl treatment used on the oats was applied at J the rate of the 
2-12-2. Tables 6 and 7 give the respective outlkes of the tests and the 
dry harvest weights after 10 weeks’ growth. 

TABLE 6 


Greenhouse study of methods of fertilising wheat 


TREAT* 

ICENT 

KUUBER 

l£ETHODS 07 APPLYXNO THE 7ERTZLIZER RELATIVE 

TO TEE SEED ROW 

(commercial 2-12-2) 

DRY HARVEST WEIGOSTS PER TREATMENT 
70R THE 70LL0WIN0 RATES 07 7BRT1* 
LI2ER application IN POUNDS 

PER ACRE 

Check 

(none) 

200 

pounds 

400 

pounds 

600 

pounds 

800 

pounds 



gm. 

gi». 

gm. 

gm. 

gm. 

1 

One side of row, 1 inch away, same plane. 

18.0 

21.0 

20.5 

23.0 

25.S 

2 

Both sides of row, split, 1 inch away, same 







plane. 

15.0 

19.5 

21.0 

21.5 

23.0 

3 

Both sides of row, split, \ inch away, same 







plane. 

16.0 

19.0 

22.0 

23.0 

26.0 

4 

Both sides of row, split, 1 inch away, 1 inch 







lower plane. 

20.0 

22.5 

26.0 

26.0 

29.0 

5 

1 inch bdow seed row. 

17.5 

25.0 

23.5 

27.0 

28.0 

6 

i inch below seed row. 

22.0 

27.0 

29.5 

33.0 

32.0 

7 

J inch above seed row. 

21.0 

20.0 

24.0 

27.0 

25.0 

8 

Direct contact in seed row. 

24.0 

33.0 

42.0 

46.0 

37.5 


TABLE 7 

Greenhouse stitdy of methods of ferUlising oats 


TREAT¬ 

MENT 

NUMBER 


DRY HARVEST WEIGHTS 

(10 weeks’ growth) 

UBTBOD 07 APPLYING TEE FERTILIZER RELATIVE 

TO THE SEED ROW 

* C^onunercud 
2-12-2 
(400 pounds 
peraae) 

Axnmo-Phos 
+ KC1 
(100 pounds 
per acre) 

1 

Check—unfertilized. 

gm* 

176 

gm, 

164 

2 

Direct contact in seed row. 

195 

182 

3 

One ade of row, 1 inch away, same plane. 

200 

191 

4 

1 inch below seed row. 

205 

197 

5 

1 inch above seed row. 

190 

169 

6 

Check—^unfertilized. 

180 

158 


The direct contact fertilization with rates of application tested, allowed a very 
satisfactory growth of the wheat. The hi^ rates, however, proved some¬ 
what depressing to growth. Undoubtedly, the frequent waterings decreased 
the injury so that under normal field conditions a safe germination and good 
growth could be expected only at much lower rates. The above fertilization 




















EFFECTS OF FERTJUZING METHODS ON CROPS AND SOUS 


15 


gave small benefits, but they were probably larger tban would bave been 
realized in the field in a dry season. The bdm and sides locations of the 
fertilizer gave fair responses, but were not so effective as the direct contact. 

With the oats the dired contact fertilization brought about increases in 
growth, but the bdow and the side applications gave the largest beneficial 
effects. Again the od)ove location of the fertilizer led to small yields. The 
results were simil a r for both fertilizers tested. It appears from these results 
that moderate applications of fertilizers distributed direct contact in the seed 
rows will give very satisfactory results for cereals hke wheat and oats, which 
are very resistant to fertilizer burning. 


TABLE t 

Greenhouse study of hill locations qf fertilizer on corn 


iRKAr- 

JCEMT 

MnCBXR 

FERTILIZER LOCATIDK RELATIVE TO BILL* 

AVERAGE 

PLAliT 

DRY 

HARVEST 

WB1GD9ZS 

1 

1 inch above hill, strip 1 inch by 4 inches. 

ittekus 

40 

gm, 

43 

2 

1 inch below hill, strip 1 inch by 4 inches. 

50 

52 

3 

Check—^unfertilized. 

45 

40 

4 

One side of hill, 1 inch away, same plane, strip 1 inch by 4 
inches... 

65 

67 

5 

Rear of hill, 1 inch away, same plane, strip 1 inch by 4 inches. 

60 

43 

6 

Both sides of hill, split, 1 inch away, same plane, strip 1 inch 
by 4 inches....... 

70 

57 

7 

Check—unfertilized. 

50 

42 

8 

Both sides of hill, split, 1 inch away, 1 inch lower plane, strip 

1 inch by 4 inches. 

70 

56 

9 

Band around hill, 1 inch away, same plane, 1 inch width.... 

60 

48 


*Two hills per treatment, each recaviog 12.75 grams of Commercial 2-12-2, which is 
equivalent to 100 pounds per acre. 


In the greenhouse study of com fertilization reported in table 8, Reid’s 
Yellow Dent seed was planted with 4 kernels per hill. The crop was har¬ 
vested at two different periods of growth, but only the final harvest yields 
are given with the average plant heights, as the results were very similar at 
the two harvests. 

The results Indicate that the sides of kill location for the fertilizer is bene¬ 
ficial and certainly equal to any of the other methods tested. Both the 
sides and the bdow locations gave results superior to the rear of MU and the 
above the hM portions. 

Field fertilizer studies—hSl methods 

Table 9 outlines a test of hill methods of applying the fertilizer, which 
was planted in duplicate on the Agronmny Farm. Ammo-Phos plus 
muriate of potash was used. Two da}^ after planting, 2.10 indies of rain 
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fell, which aided the above the hUl fertilization and reduced the injury from 
the ielm locations. Nevertheless, the high applications bdow gave con¬ 
siderable injury and the above applications failed to equal the small bdow 
or both sides applications. 

A study of the effects of area of spread of the fertilizer bdow the seed in 
the hill was also made. The results show that increased area of spread and 
increased depth of locating the fertilizer serve to safe-guard the seed germina¬ 
tion and the seedling growth. 


TABLE 9 


Fidd study of hill methods of applying the fertilizer 


TREATMENT 


lERTILIZER APPLICATIONS 

DRY 

NUMBIIR 

PerhUl 

iLocation relative to hill 

harvest 

WEIGBTS 

1 

gm* 

9.18 

1 inch below, 2 inches by 5 inches spread 

pounds 

7.5 

2 

18.36 

1 inch below, 2 inches by 5 inches spread 

4.0 

3 

18.36 

1 inch below, 4 inches by 5 inches spread 

7.1 

4 

18.36 

1 inch above, 4 inches by 5 inches spread 

6.5 

5 

None 

Check 

1.5 

6 

18.36 

1 side, 1 inch away, 2 inches by 5 inches ^read, same plane 

6.0 

7 

18.36 

Both sides, split, 1 inch away, 2 inches by 5 inches spread, 

7.0 

8 

18.36 

same plane 

Band aioimd hill, 1 inch away, same plane 

6.7 

9 

18.36 

Both sides, split, 2 inches by 5 inches spread, 1 inch lower 

7.4 

10 

36.72 

plane 

1 inch betow, 2 inches by 4 inches spread 

1.1 

11 

36.72 

1 inch below, 4 inches by 4 inches spread 

4.5 

12 

36.72 

1 inch below, 6 inches by 6 inches spread 

6.3 

13 

36.72 

2 inches below, 4 inches by 4 inches spread 

7.0 

14 

36.72 

2 inches below, 6 inches by 6 inches spread 

7.5 


Fidd fertilizer studies—row methods 

This study of the various locations of fertilizer along the seed row, was 
made at the Agronomy Fann. Each row (except the checks) consisted of 6 
fertilized treatments with increasing rates of application. The Ammo- 
Phos plus KCi was again used, the treatments being 16 feet long and having 
SO com kernels each. Border rows were run on all sides of the test. Table 
10 gives the plan of the test with the final immature harvest weights. Weights 
were taken at one earlier date but the results are omitted as Aey were quite 
similar . Fifteen plants were harvested on each date. 

A depression in germination for all of the bdow fertilized rows was noted, 
no. 4 being more retarded than no. 3 because of the narrow ^read of the 
fertilizer located 1 inch bdow the seed at the planting. All of the abooe 
fertilized rows evidenced good growth, since rains occurred to leach the 
soluble salts down around the roots but not soon enough after planting to 
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injure the germination. Six days after the test was started, 1.15 inches of 
rain fell, followed five days later by 1.25 inches. 

All of the side treatments gave good growth throughout the season with 
no retardation of germination and no depression of early growth. If the 
season had been dry, however, the ahoDe fertilized rows would undoubtedly 
have failed to give as good response. The great solubility of the fertilizer 


TABLE 10 

Field study of row methods of applying fertilizer 




rUTAL OERBIZMATION 
(X)UNTS 

FINAL 

harvest WEIOBIS 

ROW 

FERTILIZER lOCATIOMS 


For fertilizer rates of 




100 

pounds 

200 

pounds 

400 

pounds 

100 

pounds 

200 

pounds 

400 

pounds 

1 

Check—unfertilized. 

48 

49 

1 50 

pounds 

4.7 

pounds 

5.0 

pounds 

4.1 

2 

2 inches below, narrow spread. 

49 

50 

39 

9.0 

11.0 

12.4 

3 

1 inch below, wide spread. 

48 

47 

37 

11.5 

12.6 

13.0 

4 

1 inch below, narrow spread. 

49 

44 

31 

10.0 

10.7 

11.0 

5 

1 inch above, narrow spread. 

50 

49 

42 

10.7 

11.5 

12.5 

6 

1 inch above, wide spread. 

50 

49 

46 

11.4 

11.8 

12.7 

7 

1 inch above, split as with “deflectors”... 

48 

47 

50 

11.0 

12.4 

13.0 

8 

Check—unfertilized. 

49 

50 

49 

4.9 

i 5.5 

3.9 

9 

Both sides, 1 inch away, narrow ^read, 
same plane... 

1 

49 

49 

50 

12.0 

12.6 

13.3 

10 

Both sides, 1 inch away, wide spread, 
same plane. 

48 

50 

48 

10.8 

11.5 

12.5 

11 

Both sides, 1 inch away, narrow spread, 
lower plane. 

47 

48 

49 

10.5 

11.0 

12.1 

12 

One side, 1 inch away, narrow spread, 
lower plane. 

50 

48 

46 

10.4 

10.8 

11.5 

13 

One side, 1 inch away, narrow spread, 
same plane. 

SO 

48 

47 

11.5 

11.5 

12.0 

14 

One side, 1 inch away, wide spread, 
same plane. 

49 

SO 

49 

10.7 

10.5 

11.0 

15 

Mixed with soil in seed row. 

47 

42 

27 : 

9.0 

10.3 

7.5* 

16 

Check—iinfertilized. 

50 1 

48 

49 

5.2 

6.4 

5.5 

17 

Direct contact with seed in row. 

30 

7 

0 

6.4 

i.st 

None 


* rry —i 


t Two plants Imrvested. 

mixture aided the above rows tremendously too. The data in the table again 
show the bad effects of high applications of concentrated, readily-soluble 
chemical fertilizers distributed dir^ conktct in the seed rows or mixed with 
the soil in the seed row. 


Root growth study 

In the root growth study, com was planted in the center of wire baskets 
in 4-gallon pots containing a loam and allowed to grow with the roots inter- 
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twming with the mesh of crosswires of the baskets. Hence, the roots were 
retained in their normal growth directions after the supporting soil had been 
washed away. Various locations of the commercial 2-12-2 relative to the 
hills were then made at the rate of 200 pounds per acre and different methods 
of watering the pots were followed. 

A decided outward growth of the roots was found in all of the baskets 
where the fertilizer zone was located directly bdow the hiU, This tendency 
was greater in the capillary watered pots than in the surface watered ones. 
The high concentration of the salts probably explains the negative growth 


TABLE 11 

Series I: Greenhouse study of phosphorus movement in a loam soil with irregular surface 

watering of the boxes 


sox NUUBEK. AMD 


1, (0-16-0), rear of 
hill 


2. (0-16-0), 
cast 


broad- 


3. (0-16-0), 1 
below hill 


4. (0-16-0), 1 
above hill 


inch 


inch 


5. (0-16-0), sides of 
hill 


XOCAXION 

or 

SAMPLES 


Above 

Below 

Sides 

Surface 

soil 

Subsoil 

Above 

Below 

Sides 

Above 

Below 

Sides 

Above 

Bdow 

Sides 


AVEKACT 
TOTAL 
PH€»- 
PSORUS 
IN SOIL 


0 134 
0.334 
0.131 

0.260 

0.137 

0.133 

0.283 

0.137 

0.139 

0,318 

0.135 

0.134 

0.375 

0.137 


BOX NTTXCBER AXD 

TREATMENT 


6. (3-12-3), rear of 
hill 


7. (3-12-3), broad¬ 
cast 


8. (3-12-n3), 1 
bdow hill 


9. (3-12-3), 1 
above hill 


inch 


indx 


10 (3-12-3), sides of 
hill 


LOCATION 

OP 

SAMPLES 


Above 

Bdow 

Sides 

Surface 

soil 

Subsoil 

Above 

Bdow 

Sides 

Above 

Below 

Sides 

Above 

Bdow 

Sides 


AVERAGE 

TOTAL 

PBOS- 

PBORUS 

IN son. 


percent 

0.137 

0.217 

0.125 

0.195 

0.137 

0.134 

0.195 

0.129 

0.145 

0.276 

0.126 

0.135 

0.197 

0,130 
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acre, but with the same kind of hill location in all of the compartments of a 
given box. The cropped boxes grew com. All of the boxes in the first 
series were surface watered, but in the second series 2 soil types and 3 systems 
of watering were used. The general outlines of the series are shown in tables 
11 and 12, which also give the results. 

The soil samples on which these tests were made, were secured 1, 2, 3, 4, 6, 
8, 10 and 12 weeks after starting the studies in series I, and 4, 11, 18, 25, 32, 


TABLE 12 

Series II: Effects of soil type and methods of watering the boxes upon phosphorus diffusion 


BOX NUMBER AND SOIL TYPE 

METHOD OF 
WATERING TEE 
BOXES 

LOCATION 

OF son. 

SAMPLES 
RELATIVE 
TO FERTI- 

T.TMCtta 

AVERAGE 

TOTAL 

PHOS¬ 

PHORUS 

IN SOIL 

AVERAGE 
TOTAL 
iniROOBN 
IN SOIL 




perceta 

perceta 


f 

Above 

0.094 

0.420 

1. Webster loam. 

Surface \ 

Below 

0.418 

0.559 


1 

Sides 

0.099 

0.410 


[ 

Above 

0.099 

0.435 

2. Webster loam. 

Combination { 

Below 

0.163 

0.467 


1 

Sides 

0.104 

0.408 


f 

Above 

0.171 

0.443 

3. Webster loam. 

Capillary < 

Below 

0.126 

0.425 


1 

Sides 

0.100 

0.415 



Above 

0.075 

0.240 

4. Miami silt loam. 

Surface 

Bdow 

0.294 

0.316 



Sides 

0.072 

0.233 


[ 

Above 

0.107 

0.254 

5. Miami silt loam. 

Combination { 

Betow 

0.178 

0.295 


\ 

Sides 

0.093 

0.241 



Above 

0.194 

0.268 

6. Miami silt loam. 

Capillary 

Below 

0.095 

0.247 



Sides 

0.089 

0.235 


39, 46 and S3 days after, in series IT. They were taken from a new com¬ 
partment in each box and in definite locations relative to the respective 
fertilizer zones. Only the average results are given. In the broadcast 
boxes, only two samples were taken, one from the surface soil, the other 
from the subsoil which received no fertilizer. In all the hill fertilized boxes, 
three soil samples were taken as follows; 

(d) The soil layer from } to 1} inches directly above the fertilizer zone; (b) the same soil 
layer directly below the zone; and (c) the soil on all sides of the fertilizer zone from J to 1§ 
inches away horizontally. 
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A Study of the tables shows the following facts: 

(a) The soluble phosphorus fertilizer moved downward with the surface watering, (h) 
Likewise, it moved upward with the capillary watering, (c) The downward leaching move¬ 
ment was more pronounced than the upward capillary movement, (d) The most rapid 
and the greatest movement took place in the above the hill fertilized boxes, (e) The least 
rapid and weakest movement occurred in the below the hill fertilized boxes, (f) The larger 
part of this movement took place immediately following the starting of the studies. In 
fact, the TTifl-TiTTinm was frequently indicated for the soil sampled first, with a gradual de¬ 
cline in the percentage found in the later samples, (g) The movement of nitrogen was 
found to be aimilar to that of phosphorus, (h) At least half or more of the original ferti¬ 
lizer applications remained at the condu^on of the studies in thdr respective zones. This 
fertilizer appeared granular and identical with the original material, only of course the 
soluble salts had been largely leached away. 

CONCLUSIONS 

A general study of the data presented shows first of all that fertilizer appli¬ 
cations located direct contact in the hill or direct contact in the drUl-^ow with 
seed are likely to be very injurious to the best germination of the seed. Vari¬ 
ous factors, such as rainfall, soil type, kind of seed, and kind of fertilizer 
obviously modify the injury obtained. Very small amounts of concentrated, 
readily-soluble chemical fertilizers are injurious, and these amounts are often 
smaller than the rates for which the fertilizer attachments upon the present 
day seeding machines are capable of adjustment. 

The low applications of fertilizers give retarded germination, but the high 
ones cause inhibition of germination. The injury increases directly with 
the fertilizer application. Therefore, for the best germination of aJQl seeds 
under all conditions of climate and soil, the distribution of fertilizers direct 
contact either in the hill or in the row with the seed is not advised. Those 
planters with fertilizer attachments so designed, either to cause or to permit 
this direct contact application of the fertilizer should certainly be redesigned. 

In place of the direct contact method of fertilizer application, there are 
several other methods of localized distribution. The above the hill or driU^ow, 
the belm the kill or drilUrow^ and the sides of hill or drill^oiv methods seem most 
promising. Because of a direct dependence of the first two methods upon 
dimatic conditions and other variable factors, the above and the below loca¬ 
tions are felt to be unwise. Therefore, the sides method of fertilizer distri¬ 
bution rem ai ns as the best solution of the problem for all crops sown in hills 
or rows with wide intervals between the successive rows. Horizontal diffu¬ 
sion of salts is very slow, and hence the sides method proves safe to germina¬ 
tion. Then too, the fertilizer is located in the immediate proximity of the 
young seedliog^s branching roots to furnish immediately sufiGident plant-food 
to permit of a good crop yield and early maturity. 

As another possible method of such localized fertilizer distribution—a 
method which is certainly better than the direct contact location but not 
entire]^ free of dangers to germination—the nmed with the soil in the hUl or 
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driU-row method is suggested. From the standpoint of localized fertiliza¬ 
tion to promote the best growth, this method should be almost ideal. How¬ 
ever, with very high applications of concentrated, readily-soluble chemical 
fertilizers, the method will cause marked germination injxny. As long as 
moderate amounts of non-caustic fertilizers are applied by this method 
through an efficient attachment, good results should be secured. If the 
limitations of the method could be accurately understood by all parties con¬ 
cerned and if farmers would be willing to split their large fertilizer applica¬ 
tions between localized and broadcast methods, then the mixed in the rm 
method might be considered satisfactory. Under the existing conditions, 
however, the sides method alone is recommended for localized fertilizer 
applications. 




POTASSIUM FERROCYANIDE AJSTD FERRIC FERROCYANIDE AS 
SOURCES OF IRON FOR PLANTS 

C. G. DEUBER 
University <if Missouri 
Received for pubUcatioa July 28,1925 

In search of a compound that would furnish iron satisfactorily to plants’* 
gro’wn in weakly acid or slightly alkaline nutrient solutions a number of-’ 
eiqperiments were performed with potassium ferrocyanide and ferric ferro- 
cyanide.1 Potassium ferrocyanide is unique as an iron source because it 
contains iron in the anion. Ferric ferrocyanide, or Prussian blue, contains 
iron in both the cation and anion and is rdatively insoluble in ■water. These 
complex iron salts were found to be fair sources of iron for green plants under 
rather limited conditions. With potassium ferrocyanide the diief condition 
was to secure a low enough concentration of the salt to escape its toxic effects, 
whereas ■with ferric ferrocyanide the reaction of the nutrient solution •was the 
chief factor determining the availability of the iron. 

Knop (1) in 1869 found that chlorotic com plants became green when sup¬ 
plied 'with potassium ferrocyanide at the rate of 0.1 per mille (13.22 p.pjn. of 
iron) but that the growth of the plants was slowed and finally stopped. Wagner 
(8) in the following yeax confirmed the results of Knop and observed a slight 
deposit of ferric ferrocyanide on the roots. Susuki (5) observed a pdsonous 
action on barley seedlings of potassium ferrocyanide at a concentration of 0.01 
per mille (1.322 p.p.m. of iron) in water cultures. In soil cultures (6) it 
stimulated gro’wth. He ascribed the poisonous action to hydrocyanic add, 
which was formed 'within the plant by the splitting of the potasdum ferro¬ 
cyanide, but was unable to dedde whether the stimulating action in the soil 
was due to the compound itself or to its decomposition products. Loew and 
Kozai (2) observed a stimulating effect of 0.01 per cent potassium ferrocyanide 
on BacUhts prodigiosus but no improvement in the gro'wth of other bacteria. 
No reference to the use of ferric ferrocyanide as a source of iron for plants 
was found in the literature. 


exferimeijtai, 

Spirodda polyrMza (L.) Schleid. plants, floating aquatics, ■were grown in 
Rnop’s nutrient solution diluted 10 times in accordance with the findings of 
Sa^er (4). Iron 'was added to the solution in the forms of ferric dtrate, 

* The author wishes to acknowledge his thanks to Dr. W. J. Robbins for he^;>ful c riUd sm 
and advice in the course of this investigation. 


23 



24 


C. G. DEUBER 


ferrous sulfate, ferric chloride and potassium ferrocyanide at the concentrations 
indicated in table 1. To one solution no iron was added. 

The three commonly used iron salts: ferric citrate, ferrous sulfate, and 
ferric chloride produced a very satisfactory growth of these plants, the largest 
growth being secured with ferrous sulfate as is shown in table 1. The leaves 
of the plants in the solution containing the lowest concentration of iron as 
potassium ferrocyanide (0.016 p.p.m. iron) were small and chlorotic. The 
plants in the solutions containing 0.033 and 0.066 p.p.m. iron as potassium 
ferrocyanide made fair growth but the leaves were a trifle lighter green than 
those of plants in the solutions containing the commonly used iron salts. 


TABLE I 

Growth data of Spirodela plants grown 23 days in Knopfs solution containing iron in the salts 
as the concentrations indicated, * 


ntON SALT 

CONCENTRA¬ 
TION OF IRON 

AVERAGE 
NUMBER MATURE 
LEAVES 

PER CDLTDREt 

AVERAGE 
GREEN WEIGHT 
PLANTS 

PER CULTURE 

REACTION 01 

TniHal 

r SOLUTIONS 

final 


p.p.m. 


mgm. 

PE 

PS 

Check. 

0.000 

18.25 

37.00 

6.6 

7.4 

Fe citrate. 

2.2S0 

152.25 

513.75 

6.4 

7.3 

FeS 04 ..... 

3.676 

160.75 

563.75 

6.5 

7.1 

FeCU. 

2.065 

137.25 

527.00 

6.2 

7.0 

f 

0.016 

62.00 

140.00 

6.7 

7.4 

1 

0.033 

102.00 

275.00 

6.7 

7.6 

K^e(CN),.] 

0.066 i 

93.50 

308.75 

6.7 

7.6 

1 

0.132 

78.50 

267.25 

6,1 

7.7 

1 

0.264 

53.50 

171.25 

6.6 

7.5 


* The nutrient solutions were renewed 5 times at intervals of 4 days, 
t Average of 4 cultures. 


With the hipest concentrations of iron as potassiinn ferrocyanide (0.132 
and 0.264 p.p.m. iron) the leaves of the plants were normal green but the 
growth of lie plants with the latter concentration was greatly reduced. The 
plants in the solution without iron made very poor growth and the leaves were 
chlorotic. 

With soybean plants concentrations of 0.264 p.p.m. and higher of iron in the 
form of potassium ferrocyanide greatly depressed growth. Concentrations 
of 0.033 and 0.066 p.p.m. iron in this iron salt produced fair growth of soybean 
plants, but dilorophyll development was not adequately provided for, the 
leaves being light green. 

'Potasdum ferrocyanide was used in solutions having reactions from pH 3.1 
to 8.3. Spirodela plants grew best at pH 6.2 and 6.8. This iron salt was not so 
satisfactory at neutral and slightly alkaline reactions as ferric dtrate. 

Merck’s iron ferrocyanide used at concentrations of 0.022 to 9.0 p.p.m. iron 
per liter in Enop’s solution resulted in very poor growth and chlorosis of the 
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foliage of soybean and Spirodda plants. The explanation of these results 
was found when this iron salt was used in a series of buffered solutions having 
reactions of pH 4.0 to 8.3. Knop’s solution was modified by omitting KNO*, 
substituting H3PO4 at the rate of 0.80S5 gm. per liter for KH2PO4, and adding 
potassium add phthalate at the rate of 1.0207 gm. per liter. These changes 
were based on the buffered nutrient solution devdoped by Tarr and Noble (7). 
At pH 5.0 soybean plants made a greater growth when tie solution contained 
ferric ferroc 3 ranide than when it contained ferric dtrate, the iron contents of 
both solutions being the same (5 p.p.m. iron). At pH 5.5 the foliage of the 
plants in the solution containing ferric ferro(yanide was light green and at all 
higher reactions it was distinctly chlorotic. The plants in the solutions con- 



• Fevrlo ferrodjraxilde ^ 

_l_I_L J_L 

4.0 S .0 6.0 7.0 8.0 

pH 

Eeo. 1 . Gseek Weight ov Soybean Plants eok each Culiube in Nuibient Solutions 
Containing 5 pj>.h. Ibon as Feimc Citbate and Feebic Febbocyanide 

taining fenic dtrate made very satisfactory growth from pH 5.5 to 6.5, but 
from pH 6.8 to 8.3 the leaves of the plants were chlorotic. 

The reaction of Knop’s solution as used for soybeans in the earlier experi¬ 
ments was pH 5.8 and when diluted 10 times for Spirodda plants, pH 6.6. 
Both of these reactions were in the r^on in which the iron of ferric ferro- 
(yanide in the above experiment was insuffidently available for the normal 
growth of soybean plants. 

The growth curve (fig. 1) of the soybean plants grown in the buffered 
nutrient solutions containing ferric ferrocyanide shows two marima , one 
occurring at pH 5.0 and a second at pH 7.6 with a marked dqiresdon in growth 
around pH 6.4. It is of interest to note that Robbins and Scott (3) foimd the 
isodectric point of soybean root tips to be in the vicinity of pH 6.4. 



26 


C. G. DEUBES. 


SUMMARY 

1. With 0.033 and 0.066 p.p.m. iron in the form of potassium ferrocyanide, 
soybean and Spirodela polyrhiza plants made fair growth. Higher concen¬ 
trations of iron in this salt produced a slow stoppage of growth. 

2. Merck's ferric ferrocyanide was a satisfactory source of iron for soybean 
plants when the solution had a reaction of pH 5.0 but at less acid reactions 
growth of the plants and chlorophyll development was restricted. 
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INIRODTJCIION 

The success or failure of the process of inoculation depends upon the viability 
of the nodule bacteria of legumes outside of the plant. There are many factors 
which must be taken into consideration in connection with the life or death of 
the nodule bacteria when removed from their host plant. Some of the impor¬ 
tant factors controlling their active resistance have been studied from time to 
time by various investigators. It still remains true, however, that perfectly 
viable pure cultures are applied to seeds, and an insufficient number of the 
Arganiatns r emain alive On the seed to give satisfactory inoculation before the 
seed is planted and, in some cases, after the seed has been planted. 

Soil inoculation also faUs under conditions which can be accounted for in 
part on the basis of certain important factors which are induded in this study. 
Because of the very common failure of commercial cultures and of the occa- 
rional failures of pure cultures put out by erperiment station workers, a study 
of the fundamental factors responsible for the life of the organisms imder the 
conditions to which the seed must be subjected was considered as the first and 
most important stq) in the solution of the problem of successful inoculation. 

Certain dean-cut, positive data regarding the organism and its growth imder 
proved conditions have been accepted as a basis upon which to build the 
foundation for this experimental work. A great deal of work irrelevant to the 
real factors concerned in a successful carrying out of this process has be^ 
published in cormection with the inoculation problan. The work of L5hms, 
Burrill, Whiting, Hansen, Bewley and Hutchinson, Fred, Shrink, and their 
associates made it possible to outline definite studies dealing with the factors 
conoemed in the viability of the nodule bacteria outride of the plant. The 
work of Whiting and associates (14) with nodule bacteria covers a decade and 

• Portion of a theds submitted to the fiioolly of the Univeraty of Illinois in partial ful- 

filhneatof the requirements for the degree of Doctor of Philosophy. _ 

* The author wishes to express his gratitude and acknowledgment to Prof. A. L. Whiting 
foT valuable suggestions in outlining the work, and for devoting considerable attention for two 
and a half years to the progress of the investigation. Also, jacknowledgment due to itof. 
C. F. Hottes and Dr, E. E. De Turk for suggestions during the last part of this investigation. 
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the writer had gathered the salient points in this experience for attacking this 
problem. Especially is the work of Lohnis and Smith (10) on the life cycles of 
bacteria, Lohnis and Hansen (9), and Bewley and Hutchinson (2) pertinent to 
this investigation. 

In some cases, determinations have been made that are repetitions of work 
found in the literature. These have been made a part of these investigations 
because it was necessary to establish definitely many points related to the 
facts brought out by the above workers. 

Data for nodule production as influenced by time of storage, temperature 
during storage, kind of contamer for storage, maintenance of the org anisms in 
pure and impure cultures in association with other nitrogen-fbdng bacteria, 
with yeasts, molds, and with non-nitrogen-fixmg bacteria on and in different 
media; the effect of different treatments such as the reinforcing of the inocula¬ 
tion with sugar, glue, and soil in various combinations and in different concen¬ 
trations; the effect of calcium carbonate, tricaldum phosphate, and sugar in 
various amounts with soil, constitute the first part of this study. The effect of 
sunlight, dessication, and aeration were investigated. Extensive studies 
were conducted as to the effect of time and dilution upon the number of the 
legume organisms surviving when cultured in liquid media; the effect of 
limited and ample quantities of oxygen upon the life of the organism grown 
both in liquid and in solid media; and the comparative effect of cane sugar and 
mannite, both in solid and in liquid media, upon the life of the legume organ¬ 
isms. The effect of acidity in the soil on the infective power of nodule bac¬ 
teria was studied. Thermal death point determinations were made without 
reference to previous determinations. 

The solution of these problems is dependent in part upon a knowledge of the 
life cyde of the organisms, and with this in view, the last part of this investi¬ 
gation was devoted to extensive experiments concerning the life cyde of nodule 
bacteria as influenced by certain chemicals. 

HISTORICAL 

Beijerinck (1) in 1887 first isolated in pure culture from the nodules of 
legumes, an organism which he described as Badllm radicola. The descrip¬ 
tion given by Beijerinck represents a fairly accurate description of the nodule 
bacteria as they are now recognised. 

Burrill and H ansen (3) in 1917 proved that the organisms producing nodules 
on cowpeas and soybeans were typical of Pseudomonas, and the name Pseudo- 
monos tadicicola was properly used by them in describing the organisms con¬ 
cerned with those legumes. 

LQhnis and Hansen (9) produced a convenient and well adapted method 
which greatly assists in proving the purity of the legume cultures. 

Hopkins and Burrill (7), Whiting and Hansen (14), and Whiting and others 
have worked out a number of groups of cross-inoculations and have accu¬ 
mulated a large number of data dealing with the factors responsible for sue- 
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cessful inoculation. The information obtained by these workers has been 
available in connection with the present study. 

Fred and Davenport (6) have determined the pH values for a number of 
legume bacteria and Azotobacter, and these values have been found useful in 
connection with this work. 

Shunk (12), working at the North Carolina experiment station, has suc¬ 
ceeded in making flageUa stains of nodule bacteria from 41 species of legumes. 
His work is in practically complete agreement with the work published from 
the Illinois experiment station, and furnishes an important contribution toward 
the clearing up of the whole question of the flagellation of nodule bacteria 
and the question of whether there are two organisms concerned in nodule 
production. 

Certain references related to the study of the life cyde of nodule bacteria 
will be considered under part V of this paper. 

FART I—KSPESncSNTS ON THE ENDURANCE OF NODULE BACTERIA IN SOIL AND 
ON SEED AS INFLUENCED BV VARIOUS TREATMENTS AND TIME 
OF STORAGE BEFORE AND AFTER INOCULATION 

Methods Employed 

The cultures use^ were obtained from the pure stock cultures of Doctor A. 
L. Whiting. Many of the cultures from which the infusions were made were 
grown in 8-ounce glass bottles. Unless otherwise stated, it is to be understood 
that only pure cultures of the nodule bacteria were employed in these 
experiments. 

Soybeans, sweet dover, garden peas (wrinkled and smooth), and cowpeas 
were used in these experiments. The seeds were sterilized in a solution of 
mercuric chloride (1 to 500) for 10 minutes, after which they were washed with 
sterile distilled water at least fourteen times, then dried. 

Clean quartz sand was placed in pint glass fruit jars and the whole sterilized 
for several hours in a hot air oven at 3S0®C. After the jars were cooled and 
wdl aerated, 1 gm. of pure caldum <arbonate was added to each. The mois¬ 
ture content of the sand was maintained at about 14 to 16 per cent Usually 
7 of the larger seeds and 25 to 30 of the smaller seeds were planted in each jar. 
Hie jars, carefully covered with wrapping paper, were left in the laboratory 
until the seeds had germinated. Then th^ were kept in the greenhouse until 
washed out for nodule examination. Plant-food dements with the exception 
of nitrogen, were applied to all the plants in all the experiments a number of 
times dreading upon the duration of the experiment. 

An extamination for the presence of nodules was made usually after the peas 
were 2P days old. The devdopment of nodules varied considerably for difier- 
ent plants; for example, the Alaska peas (smooth), devdoped nodules in 12 
days, whereas the late peas (wrinkled) failed to devdop nodules much bdore 
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20 to 27 days. An abnormal growth was often found to retard the appearance 
of nodules. 

The data on nodule production are classified as many, few, and none. 

Experiment 1—The Effect of the Addition to the Nodule Infusion of Soil^ Glue, 
and Sugar in Different Combinations on the Length of Time the 
Organisms Survive on the Seed 

The purpose of this experiment was to test the length of time that the nodule 
organisms would survive in sufficient numbers for sucdessful inoculation when 
applied to the seed as an infusion made with either distilled or tap water. 
Additions of soil; glue; and soil and glue; sugar; sugar and soil; and sugar, 
glue, and soil were made to the bacterial infusion and these mixtures applied to 
the seed. The amoimts of the various materials used in making these mix¬ 
tures are given in table 1. 

TABLE 1 

Additions made to hadmal infusion in experiment 1 

TSSAXHEMT 


1 Bactezial infusioii 

2 Bacterial infu^n + 30 gm. air-dned bro^ silt loam 

3 Bacterial infu^n + IS cc. of ^ue solution (60 gm. \glue for each liter of 

water.) 

4 Bacterial infusion + 30 gm. of soil + 15 cc. of glue solution 

5 Bacterial infusion +7 gm. cane sugar 

6 Bacterial infuinon + 30 gm. soil + 7 gm. cane sugar 

7 Bacterial infusion + 30 gm. soil +15 cc. glue + 7 gm. cane SfUgar 

Eadi lot of seed weighed 2 pounds and received the bacterial infusion on the 
basis of 1 bottle for each bushel of seed. The bacterial infusion was applied 
to 14 pounds of seed, which was thoroughly mixed and divided into 7 lots. 
Caution was exercised to mix thoroughly all of the various additions with the 
seeds. Treated lots were dried in enameled pans and then transferred to 
ordinary doth seed bags and stored in a locker in the laboratory. After 1 
month, each lot was divided into 2 parts, one part being left in the cloth bags 
and the other part placed in glass fruit-jars with tight tops. The jars were 
stored in the locker, whereas the bags were stored in the laboratory store room. 
The humidity and temperature conditions were approximately the same in 
both places. 

In this first experiment, soybeans, sweet dover, and wrinkled garden peas 
were used. The soybeans were inoculated October 7, the sweet dover, Octo¬ 
ber 9, and the wrinkled peas, October 18, 1920. Duplicate jars of each treat¬ 
ment were planted immediatdy and after various intervals, as shown in table 2, 

The results from all the series of soybeans, sweet dover, and garden peas in 
this esperiment as reported in tables 1, 2, and 3 show that nodule production 
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was fairly consistent, r^ardless of conditions and kind of treatment. The 
number of nodules produced from aU treatments would appear to be ample for 
the fixation of nitrogen for normal growth. As an average, 12 were found on 
each plant at the various stages. The time of storage after inoculation, up to 
2 months, did not materially influence nodule production. Depressions were 
seen here and there, but in no cases were they important. In such cases, it is 
believed that uneven distribution of the organisms occiured. This is shown 
where one lot developed a few nodules at the immediate planting, but developed 
many nodules at the later plantings. The number of times the seed was miy^d 
would account for certain of these fluctuations. 

The treatments containing sugar showed a nodule production superior to the 
treatments containing soil or glue. With sugar treatments the nodules were 
uniformly large and evenly distributed over the root ^tem. Besides, the 
nodule proddction was fairly consistent through all the plantings (24 hours, 36 
hours, 48 hours, 72 hours, 2 wedrs, 1 month, and 2 months). The stimulative 

TABLE 2 


IKTEKVALS OV FLATTING 


Soybean 

Sweet clover 

Garden peas 

Immediately after mocujation. 

100 


2,080 

24 hours after inoculatipn... 

200 


2,090 

36 hours after inoculation... 

300 


2,300 

48 hours after inoculation. 

400 


2,310 

72 hours after inoculation. 

500 


2,320 

2 weeks after inoculation. 

600 


2,330 

1 month after inoculation... 

700 


2,340 

2 months after inoculation. 

900 

1 

2,070 

2,350 


action of sugar is probably due to its supplying energy upon which the organ¬ 
isms feed when put under favorable conditions. Sugar possesses the char¬ 
acteristic of gathering moisture from the air, thereby creating on the seed-coat, 
a film which serves as a protection against the harmful effect of desiccation. 
Althou^ Clerk (4) stated that moisture has none, or very little effect on the 
viability of the organisms, yet he failed to show whether its absence is harmful 
to the organisms under storage conditions. The thin film of moisture on the 
inoculated seeds treated with sugar, may permit the organisms to move through 
and distribute themselves more evenly on the seeds. 

Son used with the bacterial infusion was found to be beneficial. The soil 
particles may serve as a protection for the organisms against desiccation, 
because of the film of moisture around the soil particles. Soil contains food 
which helps to prolong the life of the bacteria. 

Glue with the bacterial infusion was of very little benefit although it was not 
found harmful to the l^ume organisms. Magon and Dana (11) reported that 






















TABLE 3 

Effect of different treatments on the production of nodutes on soybeans 
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Series 2030—Planted 48 hows after inoculation {plants 43 days old) 
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TABLE S 

Efeci of different treatments on the production of nodules on garden peas 
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the use of glue with the bacterial infusion was injurious because it was heavily 
infected with different kinds of bacteria. The fact that the nodule production 
in the treatment containing bacterial infusion and glue was superior to the 
untreated bacterial infusion in this experiment, was probably due to the fact 
that the seeds were twice mixed in applying both the glue and the bacterial infu¬ 
sion. Fellers (5) reported that the use of glue with the bacterial infusion gave 
no benefit, but, rather, was injurious to the legume organisms, as it contained 
different kinds of bacteria. 


TABLE 6 

Additions made to bacterial infiisim in e^periinent 2 


LOT 


T&LATHEKT 


1 

2 

3 

4 

5 


5 cc. bacterial infusion 
5 cc. bacterial infusion + 7 gm. cane sugar 
5 cc. bacterial infusion + 30 gm. air-dried brown silt loam 
7 gm. cane sugar dissolved in 5 cc. bacterial infusion 

30 gm. air-dried brown silt loam + 7 gm. cane sugar dissolved in 5 cc. bacterial 


infusion 


6 


30 gm. air-dried brown silt loam mixed with 5 cc. bacterial infusion 


TABLE 7 

Series and intenals of planting 


GARDEN PEAS 


INTERVALS OP PLAXHTNC 



Scries A—-wrinkled 

Scries B—smooth 

5 days after inoculation. 

2,360 


15 days after inoculation. 

2,370 


20 days after inoculation... 

2,380 

2,420 

30 days after inoculation.. 

2,390 

2,430 


Experiment 2—The effect upon mdule production of sugar and soU in different 
combinations with the infusion 

The purpose of this experiment was to determine whether sugar and soil, 
with the infusion in different combinations, would stimulate nodule production 
sufficiently to be of real value. 

The experiment was divided into parts, A and B. In part A, wrinkled 
garden peas were used, and in part B, smooth garden peas. The same proced¬ 
ure was used for each experiment. Table 6 shows the treatments applied. 

Each lot consisted of 1 quart of seed. In all cases, the mixtures that were 
added were applied to the seed and the seed was thoroughly mixed. It will be 
seen from table 6 that, in some cases, the sugar and soil were mixed with the 
infusion before the mixture was applied to the seed, whereas in other cases, the 
in fu s io n was applied to the seed, and the soil and sugar were applied afterwards. 

In lots 4,5, and 6, the added materials were dissolved in the bacterial infusion 











Effect of different treatments on the production of nodules on wrinkled garden peas 
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TABLE 9 

Effeci of difereni trealments on the production of nodules on smooth Alaska peas 
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before being applied to the seed. After the applications were made, the seeds 
of all lots were dried in enameled pans and then transferred to cloth seed bags 
and stored in the laboratory locker. 

The results of experiment 2, part A, are reported in table 8. In the untreated 
bacterial infusion, the nodule production was not constant in all the plantings. 
The number of nodules produced at 5-days planting was about one-third as 
great as at IS-days. The 20-days planting produced one-half as many 
nodules as the 30-days. Numerous nodules were produced on each plant in 
all the treatments (lots 2, 3, 4, 5, 6), and the nodule production was constant 
for a given treatment, in all the different plantings. 

TABLE 10 

Calcium carbonate, tricalcium phosphate, and sugar applied with bacterial infusion in 

experimetU S 

TREATMENT 

1 10 per cent cane sugar 4- brown silt loam 

2 1 per cent cane sugar -f brown silt loam 

3 0,1 per cent cane sugar + brown silt loam 

4 0.01 per cent cane sugar 4- brown silt loam 

5 1 per cent calcium carbonate -|- gray silt loam on tight clay 

6 0.1 per cent calcium carbonate -f gray silt loam 

7 0.01 per cent calcium carbonate 4- gray silt loam 

8 1 per cent tricaldum phosphate + brown silt loam 

9 0.1 per cent tricalcium phosphate 4* brown silt loum 

10 0,01 per cent tricalcium phosphate -h brown silt loam 


TABLE 11 

Intervals of planting 


SERIES—PEAS 

TIME 07 STORAGE 07 SOIL BEFORE 
INOCULATING SEEDS 

THIS OF STORAGE 07 SEEDS AFTER 
ZNOCDLATION BUT BEFORE PLANTING 

2,480 

Inoculated immediately 

Planted immediately 

2,500 

Inoculated immediately 

10 days 

2,520 

Inoculated immediately 

20 days 

2,540 

Inoculated immediately 

30 days 

2,560 

41 days 

Planted immediately 

2,580 

107 days 

Planted immediately 


The results of part B are reported in table 9. In the lot receiving bacterial 
infusion alone, the nodules produced were numerous at the S-, 20-, and 30-days 
planting, but decreased to one-third as many at 15-days. All the treatments 
0ots 2,3,4, 5,6) resulted in numerous and constant nodule production in all 
of the plantings. 

The fluctuation in nodule production which was observed in the lot receiv¬ 
ing bacterial infusion alone was not found in lots receiving the other treatments. 
It was noticed that with sugar either applied on moist inoculated seeds or first 
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dissolved in infusion, the nodules produced were larger and more uniform in 
size. Whether this effect was due to the stimulative action of sugar or to 
other factors was not determined. Soil alone showed a slight benefit but not 
so much as sugar. 

A comparison of the data reported in tables 8 and 9 reveals no marked differ¬ 
ence between smooth and wrinkled peas with respect to nodule production. 
The relative smoothness of the seed coat may therefore be considered a negli¬ 
gible factor. 

Experiment 3—Theefect of varying amounts of calcium carbonateytricdlcium phos- 
phate, and sugar in soil on the duration of the life of nodude bacteria 
in the soil and after being applied to the seed 

Two types of soil were used, brown silt loam having a lime requirement of 
300 pounds, and gray silt loam on tight clay having a lime requirement of 1300 
pounds as determined by the Hopkins’ method. The brown silt loam was 
used with sugar and tricalcium phosphate and also with calcium carbonate. 
The gray silt loam was used only with calcium carbonate. Pure cultures of 
garden pea bacteria were tested in this experiment. 

One poimd of soil was the basis for each preparation. The inoculation was 
on the basis of 5 cc. of infusion of pea bacteria for each pound of soil. Each 
mixture was prepared and thoroughly mixed before the infusion was added. 
The amount for each substance used was on the percentage basis. The soils 
contained 20 per cent moisture when mixed. After preparation, the various 
treatments were placed in pint glass jars provided with caps and were stored on 
the side shelf in the laboratory. 

Two grams of the mixture was used to inoculate 1 ounce of sterilized pea 
seeds and a few cubic centimeters of sterile water was added while inoculating 
in order to secure thorough distribution of the organisms. The inoculated 
seeds were placed in glass tumblers and stored in a drawer in the laboratory. 

The intervals of planting are shown in table 11. 

The data reported in table 12 show that the seeds planted immediately 
after inoculation as well as those stored 10 days after being inoculated, in all 
cases, produced numerous nodules. The untreated bacterial infusion showed 
greater fluctuations in the number of nodules than any of the other treatments. 
A very striking result was obtained after the seed had been stored 20 days 
before planting. No nodules were produced from this planting except with 
the treatment containing the bacterial infusion and brown silt loam, where a 
few small nodules were found, and also in the treatment containing the bac¬ 
terial infusion and 1 per cent calcium carbonate, where 3 nodules were found 
on one plant. This, however, is looked upon as accidental. Storing the inocu¬ 
lated seeds for 30 days before planting resulted in no nodule production in any 
of the treatments except in the untreated bacterial infusion, which produced a 
few small nodides, and also in the treatment containing bacterial infusion, soil, 
and per cent each of tricalcium phosphate, calcium carbonate, and sugar, 
where 1 nodule was found on one plant. 
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It is quite apparent from the above statements that the bacteria in the 
infusion applied to these soils in conjunction with sugar, limestone, and phos¬ 
phate, died out very rapidly, and were nearly extinct in 20 days. It should 
be remembered that these mixtures were made with soil, portions of which were 


TABLE 13 

The efect of varying amounts of calcium carbonate^ tricalcium phosphate^ and sugar upon the 
duration of life of nodule bacteria in moist stored soil 


TSSATUEKT 

NOliBER 

ORFLAITCS 

PLAinS 

'WITH 

NODULES 

NODULE RECORD 

Size 1 

Number 

Series 2560—Soil stored 41 days before inoculating seeds for immediate planting {plants 20 

days old) 


tTTiinnni1s».ted. 

3 

N^one 


None 

Bacterial infusion 4* soil (B. S. L.)*. 

5 

5 

Medium 

Many 

Bacterial infusion -f soil (G. S. L.)t. 

4 

4 

Medium 

Many 

Bacterial infiiRion 4 4 * 10 per cent sugar. 

4 

None 


None 

Bacterial iTifiisiftu 4 *oil 4" 1 cent Riigar. 

4 

None 


None 

Bacterial infusion 4 soil -1- 0.1 per cent sugar. 

4 

4 

Medium 

Many 

Bacterial infusion 4* soil -4- 0.01 per cent sugar. 

4 

4 

Medium 

Many 

Bacterial infusion 4 soil 4* 1 per cent CaCOs. 

5 

5 

Medium 

Many 

Bacterial infusion 4 soil + 0.1 per cent CaCOa. 

2 

2 

Medium 

Few 

Bacterial infusion 4 soil 4- 0.01 per cent CaCOs. 

Died 

Died 

Died 

Died 

Bacterial infusion 4 soil 4* 1 per cent CasCPOOr.. 

5 

5 

Medium 

Many 

Bacterial infusion + soil 4- 0.1 per cent CasCPOOa.. 

3 

3 

Medium 

Many 

Bacterial infusion 4* soil + 0,01 per cent Ca 8 (P 04 ) 2 .. 

4 

4 

Medium 

Many 

Bacterial infusion 4 soil 4- 0.01 per cent Ca8(P04)2 4 
sugar 4- CaCOs. 

3 

3 

Medium 

Many 

Bacterial infusion 4* soil 4" 0.1 per cent CaCOs. 

5 

5 

Medium 

Many 


Series 2S80—Soil stored 107 days before inoculating seeds for immediate planting {plants SO 

days old) 



5 

None 


None 

.T,-,. 

Bacterial infusion 4 soil (B. S. L.)*. 

5 

S 

Large 

Many 

Bacterial infusion + soil (G. S. L.)t.. • 

5 

5 

Large 

Many 

Bacterial infusion 4 soil + 0.1 per cent sugar. 

4 

4 

Large 

Many 

Bacterial infusion 4 soil 4- 0.01 per cent sugar. 

3 

3 

Large 

Many 

Bacterial infusion -4 soil 4 1 per cent CaCOs. 

5 

5 

Medium 

Many 

Bacterial infusion 4 soil 4 0.01 per cent CaCOs. 

6 

6 

Medium 

Many 

Bacterial infusion 4 soil 4 1 per cent Ca 8 (P 04 ) 2 . ■ 

5 

5 

Medium 

Many 

Bacterial infusion 4 soil 4 0.01 per cent CasCPOOz.. 

5 

5 

Medium 

Few 


* Brown silt loam, 
t Gray silt loam. 


used immediately for inoculating the seed, after which the seed re main ed in 
storage for the time stated. The mixtures of soil with limestone, phosphate, 
and sugar were kept moist and at the end of 41 days and 107 days, respec¬ 
tively, portions of these moist mixtures were applied, as in the first part of 
this experiment, to sterile seeds, and the seeds were planted immediately. 
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It may be pointed out that the same mixtures, when used immediately and 
allowed to dry out in a very short time, would be expected to perform quite 
differently from when kept moist for a number of months before being applied 
to the seed. In the first case, there would be little opportunity for the lime¬ 
stone to correct acid soil conditions and for the sugar to supply a source of 
energy, whereas in the second case, ample opportunity exists for these changes. 
The contact of the organisms with the acid soil in the first case was greater 
than the contact with the corrective materials. Because of the above con¬ 
ditions, it was anticipated that entirely different results would be obtained in 
the two cases. 

The results presented in table 13 indicate that soils stored moist for 41 
days with the above named treatments, produced infection on peas in all 
cases except 3, namely, the uninoculated soils and those receiving respectively 
10 per cent and ^ per cent sugar. When the period of storage was 107 days, 
nodules were produced in all cases except with the uninoculated checks. 

Experiment 4—The effect of different containers for storing inocidaied seed upon 
the life of legume organisms 

The seeds used for this experiment were inoculated seeds with the same 
treatments as in experiment 1. The inoculated and treated seeds of each 
of the different legumes were mixed thoroughly and divided into two portions. 
One portion of 2 quarts was stored in a 2-quart Mason glass jar, and the other 
portion containing 10 quarts was stored in a seed bag. The jars were stored in 
the laboratory locker, and the bags in the laboratory store room. Humidity 
and temperature conditions were approximately the same in both places. 

After S-months storage, the variously treated seeds were planted in pint jars 
of sterilized quartz sand. Seven seeds were planted in each jar and 5 jars were 
used for each lot of seeds. All the plants were allowed to grow for 30 days in 
order to insure the maximum nodule production. 

All plants grew normally up to 20 da3rs, but from that time on, the plants 
from seeds stored in glass jars became yellow and stopped growing, whereas 
the plants from seeds stored in bags were green and continued to grow. Exami¬ 
nation showed that nodules were absent on the roots of all the plants from seeds 
stored in glass containers, whereas the plants from seeds stored in bags devel¬ 
oped several nodules. The results were the same for the three legumes used, 
soybeans, sweet clover, and garden peas, 

PART H.—THE ENDURANCE OP NODULE BACTERIA IN THE PRESENCE OP OTHER 
ORGANISMS, AND IN THE PRESENCE OP EACH OTHER 

Experiment 5—The endurance of pea bacteria in the presence of 
S. radiobacter 

One cubic centimeter each of pea bacteria infusion and radiobacter infu¬ 
sion was transferred into each of 2 bottles of mannite agar media and 2 
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bottles of cane sugar media. After incubation at 26®C. for 10, 20, and 
30 days, portions were tested on potato, in milk, and for inoculation of peas. 

Test on milk. One loopful of infusion from each bottle was transferred into 
a test tube of sterile milk. The tubes were incubated at 26°C. and examina¬ 
tions were made at different periods. 

Test on potato slant. One loopful of infusion from each bottle was trans¬ 
ferred to potato slant prepared in test tubes- These tubes were incubated at 
26®C. and examinations were made. 

Test on inocidation. One cubic centimeter of infusion from each bottle 
was used to inoculate \ ounce of sterilized pea seeds. Five inoculated pea 
seeds were immediately planted in jars from each 1^-ounce lot of seed. Four 
replicates from each lot were thus planted. 

Experiment 6—The endurance of cowpeas^ soybean^ and sweet dover organisms in 
the presence of B. radiobacter 

Three separate mixtures were prepared of B. radiobacter ^ with cowpea, 
soybean, and sweet clover bacteria respectively, 1-cc. portions of the respec¬ 
tive infusions being used in each case. These were incubated, as in experi¬ 
ment 5, on both mannite and cane sugar agar at 26°C. and tested at 10-, 20-, 
and 30-day intervals in milk, on potato slants, and for ability to produce 
nodules. 

Experiment 7—The endurance of pea^ cowpea^ soybean and sweet clover bacteria 
in the presence of Azotobacter chroococcum 

Garden pea, cowpea, soybean, and sweet clover bacteria were grown in the 
presence of Azotobacter chroococcum as in experiment 6 except that only mannite 
agar was used, and the tests on potato slant were omitted. 

Experiment 8—The endurance of pea bacteria in the presence of B. prodigiosus, 
B. capSidatuSj B. subtiUs, B. mesentericus, pink yeasty and molds 

A loopful of an infusion of pea bacteria was mixed with a loopful of an infu¬ 
sion of each of B. prodigiosus^ B. capsidatus^ B. subPUis^ B. mesentericus^ pink 
yeast, and molds in separate tubes of sterile milk. The tubes were incubated 
for 14 days at 26®C., and after the results of the growth in milk were recorded, 
tests for inoculation were conducted. This experiment was carried out in 
duplicate tubes. 

In all the bottles where the legume organisms of different kinds were grown 
with B. radiobacter, the growth appearing on the agar was typical of B. radio¬ 
bacter. This was due to the fact that B. radiobacter grew faster than any legume 
organisms used. It would seem that the legume organisms would soon perish, 
either for lack of food or oxygen. Although they might have been deprived of 
food and oxygen, their viability was very little, or not at all, affected as 
measured by nodule production. The legume organisms may have changed 
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their stage of existence, or may have been livingas well as B. radiobact&t. There 
may be a mutual relationship between the legume organisms and B. radiobac- 
ter but this has not been determined. Lohnis and Hansen (9) stated, ‘^Bacil¬ 
lus radiohacter seems to be regularly present in root nodules of leguminous 
plants, stimulating development and activity.'’ They also reported that B. 
radiobacter and B, radicicola are closely related to each other as shown in the 
morphology of the cell. 

Whiting has further studied the question of the beneficial influence of 
B. radiobacter on cowpeas, soybeans, and other legumes, but has not found 
tangible evidence that B. radiobacter is desirable. On the contrary, he has 
found this orga n ism destructive to nodule production in certain mixed cultures. 

The fact that tests on potato and in milk, showed the presence of B. radio- 
bacter^ does not necessarily mean that the legume organisms were dead or absent. 

In the case where Azotobacter chroococcum was used instead of B. radiohac¬ 
ter ^ the infective power of different legume organisms used was not hindered, as 
is shown by inoculation test. 

The survival of legume organisms in the presence of certain contaminating 
organisms of course depends upon many factors, particularly when grown on 
artificial media. The time factor is one veiy important consideration. In 
these experiments, transferring did not enter in, and this, of course, might 
greatly alter the results. 

SUMBIARY 

In esperiment 1 where inoculated seeds were variously treated with soil, 
glue, and sugar, applied alone and in combination, some legume organisms 
remained variable and nodule production occurred after dO^lays storage in 
small seed bags imder ordinary conditions. 

In the treatments where sugar was used, applied either alone or with glue 
or soil, the nodules developed were uniformly large, and evenly distributed over 
the root system. Soil and glue did not show any particular advantages over 
the untreated bacterial infusion. 

The irregularity in nodule production as shown in experiment 1 at different 
times of planting was thought to be due to the mechanical effect of mixing at 
the time of inoculation. The most pronounced irregularity occurred with 
sweet clover, probably because of the small size of the seed with consequent 
greater surface to cover. 

The results of experiment 2 showed that the sugar treatment, either dis¬ 
solved in bacterial infusion and then applied to the seeds, or applied on inocu¬ 
lated seeds, gave better results in nodule production than soilpreparedinthe 
same manner. The use of soil with sugar gave no better results than sugar 
alone. 

No difference in nodule production was noticed between treatments dissolved 
in bacterial infusion previous to its application on sterile seeds and treatments 
applied directly on inoculated seeds before mixing. 
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No significant difference in nodule production was noticed between sugar, 
tricalcium phosphate, and calcium carbonate in different amounts with infected 
soil when used for inoculation. 

Soils containing 10 per cent sugar developed acidity which was entirely 
unfavorable to the life of B. radicicola. This organism remained alive in moist 
soils after 107-days storage in pint glass jars with various treatments. 

Cloth seed bags for stormg inoculated seeds are far superior to glass con¬ 
tainers for maintaining the life of the legume organis m s. 

B. radiohacter and Azotobacter chroococcum showed no hannful effects upon 
the life and infecting power of the nodule bacteria under the conditions estab¬ 
lished and during the time tested. 

Soybean, sweet clover, cowpea, and garden pea bacteria, when grown 
together, showed no harmful effect upon each other. 

The activity of pea bacteria when grown in milk was not impaired by the 
presence of any one of the organisms tested; namely, B, prodigiosus, B. capsu- 
latuSj B. subtUis, B. mesentericus, pink yeast, and molds. 
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A NEW SOIL CORE SAMPLER 
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The proper sampling of a soil is no simple undertaking. Both care and 
experience are required for best results. For many purposes, the old methods 
of securing representative samples with the auger or spade are satisfactory 
because the physical disturbance to which the soil is subjected does not alter 
its chemical composition. When the detailed physic^ properties of the 
natural soil are to be studied, however, a modified method of sampling is 
needed. 

Certain colloid investigations at the Missouri Experiment Station made 
desirable some very careful studies on the rates of percolation of water through 
a heavy subsoil when treated with various salts. It was, therefore, imperative 
that the structure of the soil should remain undisturbed, In order to accom¬ 
plish this it was necessary to develop a sampler that would take an undisturbed 
core of soil with the desired dimensions. This necessity encouraged the devel¬ 
opment of the sampler described in this paper.^ 

The accompanying detailed drawing shows the plan of the sampler, which 
consists essentially of two cyclinders, one within the other, the outer one being 
furnished with cutting knives. ^ is the top view of the outer cylinder showing 
steel head and three brass rollers. This cylinder head has a lireaded hole 2| 
inches in diameter for the insertion of handle H. These three brass rollers 
spaced at equal distances around the cylinder are 1 inch in diameter and A 
inch thick. They roll on rim D which fits on cylinder F when in operation. 
These rollers are secured to the wall of cylinder C. is a side view of the same 

cylinder head, showing raised center for the support of handle E. This cut 
also shows a groove for the rollers, which have already been mentioned. The 
cylinder head B fits into cylinder C where it is secured by four screws, two of 
which are shown in the drawing. 

Cylinder C is heated so it will go over the lower portion of head B and shrink 

1 In Bulletin 94 of the Iowa Agricultural Experiment Station, W. H. Stevenson describes 
a sampler devised and used at that station. It is to this piece of work that the writer is in¬ 
debted for many valuable suggestions used in the development of this sampler. Acknow¬ 
ledgment is made to Dr. R. Bradfield and to Dr. W. A. Albrecht of this station for their as¬ 
sistance in the development of this sampler. Much credit also must be given to Mr. Gus. 
Tomsjo, chief mechanician of the university, to whose skill the working out of the mechani¬ 
cal details was largely due. 
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tightly in place. This prevents the cylinder from becoming distorted when 
force is applied to rotate the sampler in hard soil. Cylinder C is brass, the 
wall is ^ inch thick and 13| inches long. The inside diameter is 6^ inches. 
The knives, one of which is shown as K, are fastened to the outer wall of this 
cylinder at an angle of 25° as shown in the drawing, and are removable. The 
rim D is steel; it is i^o inch thick and 1 1 inch wide. This rim has a shoulder 
which fits on top of cylinder F] the lower portion extending into the top of the 
cylinder as shown. This rim is removable and furnishes a track upon which 
the rollers in cylinder C operate. E is the top view of rim D, Cylinder F is 
also made of brass, and has a wall f inch thick. It fits just inside cylinder C. 
Both cylinders are bored true. At the lower end of cylinder F there is a 
stationary band Nj i inch wide and J inch thick. This band is made of brass 
and is not removable. G is an end view of cylinder F with the included band. 
E is the handle complete. These parts are made from gas pipes with dimen¬ 
sions as given on the drawing. The threaded end of this handle screws into 
the cylinder head A. The cross handles are connected in the center as indi¬ 
cated. The plunder rod extends through this hole. 

/ is an end view of the sampler showing the knives, /, in place. The inner- 
tips of these knives are bronze, are soldered on the steel knives, and extend just 
inside of the inner rim of the band N, J shows a knife as it appears from the 
bottom view when detached. K is the same knive showing the edge view. 
Plunger M has a steel disc 5f inches in diameter. It fits in cylinder F with the 
handle projecting through handle H of the sampler. The plunger handle L 
is removable. It has a square hole through the center which fits the square 
end of the plunger rod. This plunger rod is used to push cylinder F out of 
cylinder C, then it is inserted into the lower end of cylinder F to remove the 
core of soil. 

When taking a core of soil with this sampler, aU grass and trash must be 
removed from the surface of the soil, for it such material is not removed it wiU 
hang on the knives and as a result, the upper part of the core will be disturbed. 

Considerable care is required to start the sampler, as it may slip about before 
taking hold. To prevent this, a frame may be built to hold it steady. Such a 
frame is shown in the accompanying cut. No definite type of frame is needed, 
but the sampler must be held steady. The frame holds the sampler true while 
it is being operated so that the core will not be broken or disturbed. The 
rotation of the sampler causes the knives to cut away a strip of soil If inches 
wide. This rotation is continued until the desired depth is reached—^up to 
12 inches—after which the core is broken ofE below the cylinder by pulling 
the handle to one side. 

The sampler is then removed from the soil, placed against the frame as shown 
in plate 1, figure 1, and the knives are taken off. The inner cylinder is taken 
out, rim D removed and the plunger is inserted in the other end of cylinder F 
to push out the sample. The core of soil continues to rest on the plunger until 
it is carefully wrapped with screen wire. (Plate 1, Fig. 2.) The wrapped core 
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is then made air-tight by dipping it in a can of hot paraffine. It is allowed to 
cool and is redipped until the desired thickness of paraffine is secured. This 
is best done in the field. 

This sampler has been used with satisfaction on both surface soils and sub¬ 
soils. Better results are secured when the soil is moist than when it is either 
too dry or too wet. The best moisture conditions are about the same as for 
plowing. Good samples have been taken from silt loams, from sandy loams, 
and from days. A sandy sofi requires spedal care. Soils containing gravel, 
rock, or an abundance of coarse undecomposed organic matter cannot be 
sampled with satisfaction. 

When taking samples of subsoil it is necessary to remove the surface soil 
from a place large enough to let the frame rest on the subsoil at the depth at 
which it is wished to start the sample.* 

2 Any one especially interested, can make arrangements with the Agricultural Experiment 
Station, Columbia, Mo., to secure blue prints and specifications for this sampler. 


PLATE 1 

Fig. 1. Sampler after removal from soil. 

Fig. 2. Wrapped core of soil made air-tight with paraffine. 






THE AVAILABILITY OF NITROGEN IN GARBAGE TANKAGE AND 
IN UREA IN COMPARISON WITH STANDARD MATERIALS* 

A. L. PRINCE AMD H, W. WINSOR* 

Received for publication September 2, 1925 
INTRODUCTION 

The principal objects in the work reported in this paper are: First, to study 
the relative availability of garbage tahkage in comparison with other organic 
and inorganic nitrogenous fertilizers; and second, to study the rate of decom¬ 
position of urea xmder various conditions, as well as to find out its relative 
availability. 

The subject of garbage disposal has been and is still a matter of considerable 
importance, not only from the health point of view, but also from the economic 
standpoint. Garbage rendering plants have been in operation for the purpose 
of recovering from garbage, certain products such as fats, but no particular use 
has been found for the residue. Turrentine (10) points out that in the United 
States during 1914 the production of garbage tankage roughly estimated was 
150,000 tons, valued at $975,000. This was obtained from 1,200,000 tons of 
raw garbage rendered in about 25 plants. The garbage collected in 1909 in 
cities having a population of 30,000 or over, amounted to 2,700,000 tons, 
which would be capable of yielding 400,000 tons of dry tankage worth 
$2,500,000. 

Considerable work has been done in the past on the fertilizing value of 
garbage tankage, but most of the results seem to indicate that its nitrogen 
availability is low. Lipman and Burgess (4) found that garbage tankage gave 
results which place it in the same class with steamed bone meal, cottonseed 
meal, sludge from septic tanks, and goat manure, 

Pember and Hartwell (6) showed that plants made no larger growth with 
garbage tankage as a source of nitrogen, than those to which no nitrogen was 
added. In chemical tests on the availability of garbage tankage they found 
that the alkaline permanganate method agreed more closely with vegetation 
tests than the neutral permanganate method. Further tests at the Rhode 
Island station (2) in the form of pot experiments showed that insoluble nitrogen 
in certain brands of fertilizers was practically useless and that the nitrogen of 
garbage tankage was of low grade, 

Schroeder (9) also points out that from chemical tests made, it seemed that 

^ Paper No. 253 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 

* The authors wish to express their indebtedness to Prof. A. W, Blair for suggesting the 
problem, and for helpful criticism of the work. 
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the proper use of garbage tankage should give the usual results obtainable from 
medium or low grade fertilizers. In another paper, Schroeder (8) reports 
results of pot culture tests compared with those obtained by the alkaline 
permanganate method. He concludes that a higher availability should be 
accorded the nitrogen in garbage tankage than would be indicated by the 
alkaline permanganate method. 

1. VEGETATION TESTS 

Pots of 2-gallon capacity containing 20 pounds of dry sand were used in this 
experiment. The general treatment of all the pots was as follows: 4 gm. of 
acid phosphate, 2 gm. of muriate of potash, 5 gm. of pulverized limestone, 0.5 
gm. magnesium sulfate, and 0.2 gm. of ferric sulfate. The moisture content 
was kept at about 10 per cent. The source of nitrogen was the only vary¬ 
ing or limiting factor. The different nitrogen treatments were as follows: 
{<£) no nitrogen, {h) garbage tankage, {c) garbage tankage finely ground (d) 
sodium nitrate, {e) ammonium sulfate, (/) urea, commercial S3mthetic urea, 


TABLE 1 

Yield of dry matter in the crops* 


POT TREATMEan 

BARLEY 

RAPE 

SORGnUU 

No nitrogen (check)... 

gm. 

3.8 

gm 

0.93 

gm. 

2.6 

Garbage Tankage... 

6.7 

2.00 

10.0 

Garbage Tankage finely ground. 

6.7 

1.90 

6.0 

Nitrate of soda. 

36.5 

17.70 

26.8 

Sulfate of ammonia... 

32.3 

11.70 

28.4 

Urea (C.P.). 

33.3 

13.80 

31.8 

Commercial synthetic urea. 

34.6 

13.50 

30.6 

Standard tankage. 

21.3 i 

7.90 

21.5 

Fish. 

19.1 

7.60 

20.4 



* Average of 3 pots. 


{h) standard tankage, (i) fish. All forms of nitrogen were applied at a rate 
equivalent to 2 gm. of nitrate of soda which actually contained 0.315 gm. of 
nitrogen. The garbage tankage analyzed 3.13 per cent total nitrogen. There 
were three pots for each nitrogenous material used. Two series of pots were 
prepared at the same time. Barley was planted in one series of pots and rape 
in the other. At a later date, another series of pots was prepared as above and 
sorghum was grown. The barley and rape were planted in the middle of Feb¬ 
ruary, and harvested the first part of May. The sorghum experiment was 
started May 4 and harvested July 6. 

Yidds of dry maUer 

The yields of dry matter for the different nitrogenous treatments with the 
three different crops are shown in table 1. With the barley crop, nitrate of 
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soda gave tke largest yield, 36.5 gm., and garbage tankage the lowest, 6.7 gm. 
However, the yield in the garbage tankage treated pots was double that of the 
check, or no nitrogen pots. The two forms of urea yielded 33.3 and 34.6 gm. 
of dry matter, closely approaching the yield with nitrate of soda; and the 
sulfate of ammonia ran a close third with 32.3 gm. The same order holds 
true with the rape crop, and the standard tankage and fish gave )delds about 
half as great as those from the sodium nitrate, with the preference for the 
standard tankage. With the sorghum plants, both forms of urea yielded 
31 gm.; ammonium sulfate, 28.4 gm.; and nitrate of soda, 26.8 gm. It is also 
interesting to note that the garbage tankage, in this case, yielded three to four 
times as much as the no nitrogen pots. Pinckney (7) has pointed out that 
sorghum plants are good indicators of available nitrogen, and the appearance 
of these plants during their growing period seemed to bear out this fact. 
Attention may be called to the fact that the finely ground garbage tankage 


TABLES 

Percentage of nitrogen in the crops* 


POT TREATMENT 

BARLEY 

RAPE 

SORGHUM 


per ant 

perani 

percent 

Nitrogen (check). 

0.774 

1.140 

0.6S6 

Garbage tankage. 

0.901 

1.388 

0.599 

Garbage tankage finely ground. 

0.825 

1.529 

0.698 

Nitrate of soda. 

0.732 

1.080 

0 670 

Sulfate of ammonia. 

0.788 

1.422 

0.543 

Urea(C.P.). 

0.839 

1.346 

0.S3S 

Commercial synthetic urea. 

0.760 

1.331 

0.591 

Standard tankage.; 

0.718 

1.248 

0.529 

Fish. 

0.802 

1.140 

0.492 


* Average of 3 pots. 


produced a considerably smaller crop of sorghum than the more coarsely 
ground garbage tankage. 


Percentage of nitrogen in the crops 

The percentages of nitrogen in the dry matter of the various crops are shown 
in table 2. The differences are not especially significant. The percentage of 
nitrogen in garbage tankage tends to run the highest in all of the crops, but this 
frequently happens when the crop yield is low, because of unavailable nitrogen. 
On the other hand, where there is a large 3 deld of dry matter, as is the case with 
sodium nitrate, the percentage of nitrogen in the crop may be somewhat lower. 
This, however, does not hold true in the case of urea. Here the percentage of 
nitrogen is hi gh with a high 3 deld of dry matter, which would indicate that the 
nitrogen in urea is very readily available to plants. 
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Percentage of nitrogen recovered in the crops 

The percentage of nitrogen recovered in the crops is shown in table 3. With 
the barley crop, it is interesting to note that the urea (C.P.) gave the highest 
percentage of nitrogen recovered, 77.37 per cent as against 75.49 per cent for 
nitrate of soda, even though the yield of dry matter was greater with the latter. 
The percentages of nitrogen recovered with commercial urea and nitrate of 
soda are about the same, the amount in each case being slightly more than the 


TABLE 3 

Percentage of nitrogen recovered in the crops* 


FOTTBSATMBNT 

BAALEY 

BAPB 

soAoaxm 

No nitrog#*T« .... 

percent 


percent 

Garbage tankage. 

9.84 


13.60 

Garbage tankage finely ground. 

8.22 


7.87 

Nitrate of soda. 

7S.49 

57.33 

51.60 

Sulfate of n-rnmn-nift. 

71.14 

49.46 

43.52 

Urea(C.P.). 

79.37 

55.59 

48.57 

Commercial synthetic urea... 

74.16 

53.68 

52.00 

Standard tankage... 

39.26 

27.93 

30.66 

Fish. 

39.31 

24.13 

27.60 



" Average of 3 pots. 


TABLE 4 


Relaiive availability 


Using 100 for nitrate of soda as a basis 


POT TREATMENT 

BARIXY 

RAPE 

80R0HT7M 

AVERAGE 


percent 

percent 

percent 

percent 

No nitrogen. 





Garbage tankage. 

13.0 

9.5 

26.4 

16,3 

Garbage tankage (finely ground). 

10.9 


15.3 

12.1 

Nitrate of soda. 

100.0 

100.0 

100.0 

100.0 

Sulfate of ammonia. 

94.2 

86.2 

84.3 

88.2 

Urea (C.P.). 

105.1 

96.9 

94.1 

98.7 

Commercial synthetic urea. 

98.2 

93.6 


97.5 

Standard tankage. 

52.0 

48.7 


53.4 

Fish. 

52.1 

42.1 


49.2 


recovery with ammonium sulfate. Standard tankage and fish gave almost 
identical results as to amount of nitrogen recovered—39.26 per cent and 39.31 
per cent respectively. The garbage tankage averaged about 9 per cent nitro¬ 
gen recovered. 

With the rape crop, nitrate of soda again resumed first place in amount 
of nitrogen recovered, with urea (C.P.) a close second, the amounts being 57.35 
and 55.6 per cent respectively. 

Commercial urea and nitrate of soda used with the sorghum gave almost 














































NITROGEN AVAILABILITY IN GARBAGE TANKAGE AND IN UREA 63 


identical results. The other nitrogenous materials follow in the same order 
as under barley. 

Table 4 expresses the relative availability of the various nitrogenous ma¬ 
terials on the basis of 100 for nitrate of soda. In the last column, which shows 
the average of the three crops, urea (C.P.) is close to the nitrate of soda with 
98.7 per cent available. Commercial synthetic urea rates 97.5 per cent, and 
sulfate of ammonia falls to 88.2 per cent. On this basis, the garbage tankage 
averages about 14 per cent; standard tankage, 53.4 per cent; and fish, 49.2 
per cent. 

Conclusions 

It is evident from the foregoing data that the fertilizing value of garbage 
tankage is very low. Most of the nitrogen which it contains is slowly available, 
and the total amoimt of nitrogen which it contains is very low in comparison 
with other forms of organic nitrogen. As a fertilizing material, its chief value 
seems to be as a filler. 

Urea was found to be a very desirable source of nitrogen and was very nearly 
equal to nitrate of soda in availability. In some cases the crop 5 deld was even 
greater than with nitrate of soda. In all cases, it was better than with sulfate 
of ammonia. 

2. CHEMICAL TESTS 

Chemical tests for the availability of organic nitrogen have always been 
more or less failures. Of the two methods outlined in the Ofl&cial Methods of 
Analysis (l), both usually give results which differ widely from the vegetation 
tests. The neutral permanganate method especially has been found by most 
workers to give values much too high. The alkaline permanganate method 
gives results that more nearly approach the vegetation tests, but the values 
obtained are also usually too high. A new method ‘‘Oxalic Acid*’ by Kellogg 
(3) has recently been tried out, and although far from perfect, gives results 
which are more in accord with actual vegetation experiments. 

These three methods were tried out on the garbage tankage, on the standard 
tankage, and on the fish used in the above vegetation experiments. The 
results are given in tables 5,6, and 7. The only values obtained which approxi¬ 
mate those obtained in the vegetation tests are those secured by the Kellogg 
Oxalic Acid method. Even by this method the value for the standard tankage 
is much too low. By all three methods fish shows a higher availability than the 
standard tankage, but vegetation tests show the opposite to be true. 

From the results of this work it woidd appear that the present chemical 
methods for determining available organic nitrogen are not satisfactory. 

Decompositimi of urea 

The results of the vegetation tests reported above, indicate that urea is a 
very readily available source of nitrogen. The decomposition of the urea was 
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apparently verj’ rapid even in sand cultures, for the plants showed no lack of 
nitrogen from the start. The authors decided to determine at what rates the 
urea was decomposed \sith different percentages of soil and sand. The recent 
work of Littauer (5) should be mentioned in this connection. He showed that 
the rapidity of urea decomposition was dependent on the kind of soil, soil 


TABLES 

Neutral permanganate method 


MATERIAL 

WATER- 

SOLCBin 

WATER-INSOLITBLE 
ORGANIC NirROGEN 
SOLUBLE IN NCITIRAL 
PERMANGANATE 

WATER- 
INSOLUBLE 
ORGANIC 
NITROGEN 
INSOLUBLE 
IN NEUTRAL 
FERILANGA- 
NtTE 

TOTAL 

NITROGEN 

PROPORTION 
OP TOTAL 
NITROGEN 
AVAILABLE 


’ per cent 

per cent 

per cent 
oj total 

percent 

percent 

percent 

Garbage tankage. 


1.88 


0.85 

3.13 

72.8 

Ordinary tankage. 

' 1.18 

6.80 

76.7 

0.89 1 

8.87 

89.9 

Fish. 

1 2.6S 

5.28 

64.3 


8.22 

96.5 


TABLE 6 

Alkaline permanganate method 


MATERIALS 

WATER 

SOLUBLE 

ACTIVE WATER 
INSOLUBLE ORGANIC 
NITROGEN 

INACTIVB 

WATER 

INSOLUBLE 

ORGANIC 

NITROGEN 

TOTAL 

NZTROGBN 

PROPORTION 
OP TOTAL 
NITROGEN 
AVAILABLE 

1 

percent 

percent 

percent 
of total 

percent 

percent 

percent 

Garbage tankage. 

0.40 


29.4 

1.81 

3.13 

42.2 

Ordinary tankage. 

oo 


53.8 

2.92 

8.87 

67.1 

Fish. 

2.65 


43.0 

2.04 

8.22 

75.2 


TABLE 7 

Kelloggs oxalic acid method 


IfATICPTaTJt 

WATER- 

SOLUBLE 

WATER- 
SOLUBLE 
PLUS THAT 
SOLUBLE 

IN 0.01 iV* 
OXALIC 
Acm 

[ 

INSOLUBLE 
IN WATER 
AND 0 01 27 
OXALIC 
Acm 

TOTAL 

NITROGEN 

PROPORTION 
OP TOTAL 
NITROGEN 
AVAILABLE 


percent 


percent 

percent 

percent 

Garbage tankage. 

0.40 


2.48 

3.13 

20.8 

Ordinary tankage.. 

1.18 


6.92 

8.87 

22.0 

Fish. 

2.65 


5.14 

8.22 

37.5 


2 noistur 6 ) and temperature. In a loam soil the decomposition of urea was 
completed in 10 days at 20®, whereas it took 28 days at 0®. In sand cultures 
65 per cent of the urea was decomposed in 10 days at 20®, and 20 per cent in 28 
days at 0®. Littauer also states that drying limits urea decomposition in the 
same way as sandy soil. Furthermore, the decomposition of urea goes on more 
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rapidly in a soil rich in bacteria where there is sufficient moisture. In order to 
hasten the decomposition of urea and to prevent loss of ammonia, Littauer 
found it was necessary to mix the urea well with the soil, and not to expose it on 
the surface. Another interesting point brought out was that unlike nitrates, 
there is no danger of leaching, because ammonium salts are absorbed and held 
near the surface of the soil. 

Experimental 

In the experiments tried out on the rate of decomposition of urea with difiEer- 
ent percentages of soil and sand, tumblers containing 100 gm. of the dry soil 
or sand mixtures were used. About iO per cent moisture was used in the sand 
tumblers, and about 15 per cent in the soil and half sand. An aliquot, equiva¬ 
lent to 0.1 gm. urea solution, was added to each tumbler and thoroughly mixed. 
This amount of urea contains 0.0462 gm. nitrogen. The cultures were main¬ 
tained at room temperature. After standing different periods of time, the 
contents of each tumbler were transferred to a flat bottom l-liter flask, and 
500 cc. of a 10 per cent potassium chloride solution was added. This was 
shaken in a mechanical shaker for | hour, and then filtered. Nitrogen was 
determined in the usual way by distillmg 250 cc. of the filtered solution into 
standard acid. Since on distillation a small amount of ammonia is given off 
from a solution of urea, it was necessary to run a blank in all cases. Under some 
conditions, this amounted to 2 mgm, of nitrogen and under others to 3 mgm. 

Discussion 

The percentages of nitrogen converted to ammonia in sand, in half sand, 
and in soil cultures for each day are given in table 8. It is understood in all 
this work that part of the nitrogen from the urea had been converted to nitrates 
before the determinations for ammonia could be made, but this represents only 
a small part of the whole. The object of this work is to measure the rate of 
decomposition of urea by ammonification tests. Thus, in one experiment 
(table 8) after 5 days, only 3 per cent was converted to ammonia in the sand 
cultures, 67,1 per cent in the half sand culture, and 89,2 per cent in the straight 
soil culture. 

When the experiment was repeated and carried through to 8 6siys, 6.9 per 
cent of the urea was converted to ammonia in the sand, 87.0 per cent in the 
half sand, and 92.2 per cent in the straight soil. With tifie soil alone, over 50 
per cent was converted to ammonia within 3 dayB. In all of these experiments, 
0.1 gm. of urea was used per 100 gm. of soiL With this or smaller amounts of 
urea, the soil was capable of absorbing and holding the ammonia produced 
but with larger amounts the soil could not absorb all the ammonia produced; 
therefore much was lost. 

A further experiment was conducted to determine the rate of decomposition 
of urea in avery acid soil, and also in an acid soil to which varying amounts of 
pulverized limestone had been added. The soil chosen for this purpose was 
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one which had received a rather heavy application of aimnonium sulfate for 
about 15 years but which had not been limed, and which had a pH value of 
about 4.8 at the time of the experiment. 

Table 9 shows the results of the decomposition of the urea through a period 
of 11 daj^ and under the conditions of no lime and of lime. Three different 


TABLE 8 

Rate of decomposition of urea 
In per cent nitrogen converted to ammonia 


PSESIOD OP TOCS 

SANS 

HAlPSAim 

BALPSOn. 

son, 

^ , f 1. 


9.5 

21,2 

^ \ 2. 

1.3 

10.8 

20.8 

r 1. 

3.0 

24.3 

46.0 

2 days | ^ 

1.3 

23.8 

39.0 

,, r 1. 

2.6 

43.7 

67.1 

3 days | , 

1.8 

36.0 

60.0 

. , / 1. 

2.2 

52.4 

84.0 

4 days < , 

2.6 

47.2 

79.0 

5 days. 

3,0 

67.1 

89.2 

7 days... 

5.2 

87.9 

92.2 

S days. 

6.9 

87.0 

92.2 


TABLE 9 

Raie of decomposition of urea in an acid soil 


In per cent nitrogen converted to ammonia 


pspzon or tzbe 

NOXniE 

0.25 oif. CaCOx 

0.5 Gic. CaCOs 

1 Gic. CaCOx 

16 hours. 

5.8 

6.2 

6.7 

10.4 

2.5 days. 

15.8 

37.7 

43.1 

54.5 

3,5 daj^. 

19.0 

41.9 

60.0 

70.5 

4.5 days. 

26.2 

60.4 

« • • • 

77.7 

5.5 da3rs. 

30.8 

71.8 

81.3 

83.8 

7.0 days... 

34,5 

66.5 

84.6 

87.5 

7.5 days. 

40.5 

73.6 

85.7 

88.3 

X1.0da>’s. 

52.6 

88.3 

91.4 

85.3 


quantities of limestone were applied to the tumblers; namely, i-, f-, and 1-gm. 
portions. 

It will readily be seen that where no limestone was added, the rate of de¬ 
composition of the urea was slowed up greatly, and even at the end of 11 days, 
only about SO per cent of the nitrogen was converted to ammonia. The 
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application of the ^-gm. portion of limestone per 100 gm. of soil seemed to 
bring about the most rapid decomposition of the urea; 81.3 per cent of the 
nitrogen was converted to ammonia in S| days and 91.4 per cent in 11 days. 

SUMMARY 

The object of this paper has been to study the relative availability of garbage 
tankage and urea in comparison with other organic and inorganic nitrogenous 
fertilizers, and to study the rate of decomposition of urea under various 
conditions. 

Vegetation experiments were carried on in pots with sand cultures. Three 
crops were grown: barley, rape, and sorghum. 

Comparisons of the various fertilizers are discussed under the headings: 
Yield of dry matter, percentage of nitrogen in the crops, percentage of nitrogen 
recovered in the crops, and the relative availability of each. 

It was found that the fertilizing value of garbage tankage was very low. 
Most of the nitrogen which it contains is very slowly available, and its total 
percentage of nitrogen is also low in comparison with other forms of organic 
nitrogen. As a fertilizing material, its chief value will probably be in its 
use as a filler. 

Urea was found to be a very desirable source of nitrogen and was very 
nearly equal to nitrate of soda in availability. In some cases the crop yield 
was even greater than with nitrate of soda. In all cases, it was better than 
sulfate of ammonia. 

On the basis of 100 for nitrate of soda, urea rates 98 per cent available; 
siilfate of ammonia, 88,2 per cent; standard tankage, 53.4 per cent; fish, 49.2 
per cent; and garbage tankage, 14.2 per cent. 

Chemical availability tests were made by three different methods on three 
of the organic fertilizers, and were compared with the vegetation tests. The 
conclusion was reached that, except in a general way, not much dependence 
can be placed on the present chemical methods for the determination of 
available organic nitrogen. 

The rate of the decomposition of urea was studied in cultures of sand, of a 
mixture of half sand and half soil, and of soil alone. The index for determining 
this was the amount of nitrogen converted to ammonia from the urea, over 
different periods of time. The cultures were maintained at room temperature. 
After 5 days, oiJy 3 per cent was converted to ammonia in the sand culture, 
67 per cent in the half sand cultures, and 90 per cent in the soil alone. With the 
soil alone, over 50 per cent was converted to ammonia within 3 days. 

On an acid soil, the rate of the decomposition of the urea was very much 
retarded, and even at the end of 11 days, only about 50 per cent of the nitro¬ 
gen was converted to ammonia. 

The application of various amounts of limestone to the add soil 
increased proportionately the rapidity of urea decomposition. 
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PLATE 1 

Fig. 1. CoiiPAEisoN of Different Nitrogenous Fertilizers—Barley 

1. No nitrogen 

2. Garbage tankage 

3. Animal tankage 

4. Urea 

5. Sulfate of ammonia 

6. Nitiate of soda 

Fig. 2. Cojcparison of Different Nitrogenous Fertilizers—Sorghum 
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SOME RESIDUAL EFFECTS OF NEUTRAL SALT TREATMENTS 
ON THE SOIL REACTION 

C. H. SPURWAY AND R. H. AUSTIN 
Michigan Agricultural Experiment Station 
Received for publication September 5,1925 

More complete data concerning the chemical constitution of soils are not 
only a prerequisite to a better knowledge of the nature and extent of the soil 
reactions that take place under different soil treatments but also an aid to an 
understanding of the economic relationships of these reactions. 

This article deals with the effects, on the soil reaction of the various horizons 
of four soil type profiles, of some different cations fixed by these soils from 
neutral salts (chlorides), after the soluble products of the soil-neutral salt 
reaction have been practically completely washed from the soik. It is in¬ 
tended to call attention principally to the results obtained on the particular 
soils under investigation, and also to show the remarkable agreement in the 
nature of these results among the different soib, which is not usually en¬ 
countered in chemical soil investigations. In addition to the foregoing points, 
more evidence as to the possible combination of the fixed cation in the molecule 
of the soil compound responsible for the effects observed is set forth in this 
report. 

SOILS USED 

For this study, four types of soils were selected; namely, Miami loam, 
Kewanee silt loam, Nappanee silt loam, and Bellefontaine sandy loam. Tj'pical 
profiles for each soil were selected.* The surface, or A horizon, sample was 
taken to a depth of 6 inches from a cultivated field adjacent to the place where 
the remainder of that particular profile was obtained. All the other saroples 
are from horizons of virgin, forested soils, and were taken, not on a basis of 
inapplicable linear depths, but as directly representing the various well-marked 
soil horizons present in the several types examined. The As and As horizons 
are those of elutriation, which is brought about by the soil weathering processes, 
and are characterized chiefly by a relatively low content of easily soluble bases. 
A part, at least, of the elutriated materials from the A horizons has been 
concentrated in the soil portion directly beneath them and has formed the 
distinct soil layers designated as the B horizons. The C horizons designate 
the parent, or unweathered, soil material presumably as deposited by glacial 

^ Complete descriptions of these type profiles may be obtained horn recent Michigan Soil 
Survey Reports. 
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SLCtion; the soil samples representing these horizons were taken at some dis¬ 
tance below the \'isible zone of soil weathering. 

PROCEDURE 

The soil samples were dried in the air, passed through a 2-mm. mesh sieve, 
and thoroughly mixed to make them uniform in composition. For the soil 
treatments, 2N solutions of CaCl 2 , MgCk, KCl, and NaCl were used, the 
CaCl 2 and MgCl 2 solutions being made neutral before adding them to the 
soils. 

Six 20-gm. soil charges were weighed out for each horizon, placed into small 
beakers, and given the following respective treatments; check, washed check, 
CaCb, MgCU, KCl, and NaCl. The check sample was placed into an 8-ounce 
steriU^r bottle with 50 cc. of water and shaken constantly for 7 hours. The 
salt treated samples, which received 50 cc. each of the 2N salt solutions, were 
allowed to stand with frequent stirring, for 1 hour, then they were thrown on a 
filter paper and washed with water until chlorides were absent from the 
leachings, transferred to 8-ounce sterilizer bottles with SO cc. of water each, 
shaken for 5 hours, and left to stand over night. The washed check sample 
of soil received the same amount of washing and the same subs^^quent treat¬ 
ment as did the salt treated samples. The following mommg the hydrogen- 
ion concentrations of the several samples were determined by means of the 
hydrogen electrode. 


DISCUSSION 

The data are shown graphically in figure 1. The vertical lines, from left to 
right, represent pH values, the pH value 7 being indicated by a heavy line. 
Each set of six treatments represents one soil horizon. The results of the 
several horizons are placed in the same relative position on the graph as that 
occupied in the soil profile. The variation in the pH values of the various 
horizons and the corresponding residual effects of the neutral salt treatments 
are easily observable. 

The washed check treatments were introduced in order to determine if the 
effects of washing the soil samples would be great enough to interfere with any 
conclusions that might be drawn from the results of the salt treatments; and 
it is believed that the observed effects of these treatments on the several soil 
samples are not due to the washing of the soils. 

Perhaps the most important point in connection with this research is the 
consistent relationship found in the results of the four salt treatments—CaCl 2 , 
MgCl 2 , KCl and NaCl—as compared with the check treatments. The 
residual effects of the CaCls treatments were small; this salt caused no great 
change in pH values over those of the check samples, and was less effective in 
changing the soil reaction than any of the other salts. Next in order of 
magnitude are the MgCk effects, a consistent increase in pH values being 
found over the check and CaCla treatments. The KCl and NaCl treatments 
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caused marked increases in pH \’alues in all of the horizon samples, in some 
cases even rnal-iTig acid soils alkaline in reaction; the NaCl effects were con¬ 
sistently greater than those of KCl. Hence, the order of the several cations 
with regard to their residual effects on increasing the pH values of the soils is: 
Ca, Mg, K, Na. 

Two other points of importance are that the salt treatments produced 
relatively the same effects on the alkaline soil samples as on the acid samples; 
and that the acidity produced in soils by neutral salt treatments is soluble and 
can be leached readily from the soils. 

Some soil investigators hold that the neutral salt cation fixed by soils is 
selectively adsorbed on the surface of the soil particles (colloids), thus setting 
free the anion of the salt, which in turn increases the hydrogen-ion concentra¬ 
tion of the solution; whereas others claim that this reaction between soils 
and neutral salts is a chemical reaction involving the equivalent exchange of 
cations between the soils and salt. No attempt will be made here to discuss 
the merits of the foregoing theories, but our data tends to support the chemical 
theory because: (a) A cation relationship is shown in that the CaCh salt 
caused very little change in the soil reaction; and (6) Since the soluble acids and 
other soluble products were washed from the soils, the increase in pH value 
is best explained on the basis of increased OH-ion dissociation due to greater 
solubility and hydrolysis of the soil material containing the fixed cations. In 
these soils, the principal reacting base is calcium; hence, when they are treated 
with CaCU little exchange of cations can take place, and the soils are not 
markedly changed with respect to their bases or basic properties. However, 
when other cations, particularly potassium and sodium, are substituted for the 
soil calcium, marked changes in the basic properties of the soils are observed 

SUMMARY 

1. Soil samples from the horizons of four soil profiles were treated separately 
with the neutral salts CaCh, MgCfc, KCl and NaCl, in order to determine 
the residual effect on the soil reaction after the soluble products of the soil- 
salt reaction were washed from the soils. 

2. The CaCl 2 treatment caused only slight changes in the soil reaction, 
whereas the MgCls, KCl, and NaCl treatments increased the pH values of the 
soils. The effective order of the several cations is: Ca, Mg, K, Na. 

3. Increased solubility and hydrolysis of the soil material containing the 
fixed cation are believed to be the cause of the increased pH values where 
increases are noted. 



THE UTILIZATION OF WATER BY PLANTS UNDER FIELD AND 
GREENHOUSE CONDITIONS 


N. M. TULAIKOyi 

Affricviliural Experiment Station^ Saratov^ Russia 
Received for publication June 10, 1925 

An understanding of the characteristic features of the utilization of soil 
moisture by plants during their growth period is of great importance to the 
farmer in the arid region, in order that he may regulate this process. The 
Saratov Experiment Station, therefore, during the year 1924, made parallel 
observations on the utilization of water by plants under field and greenhouse 
conditions. For this purpose, in the field experiments most of the field crops 
were used, whereas in the greenhouse, on account of lack of space, fewer 
crops—of the most representative plants—were utilized. 

METHODS OF OBSERVATION 

In order to investigate the utilization of the soil moisture by plants, crops on 
typical soils were taken, under normal conditions of culture. The following 
plants were used in the field: winter rye and wheat, soft and hard spring wheat, 
oats, and barley. From the leguminous plants the following were used: 
lentils, peas, and noot; from the grasses: sorghum, Sudan grass, and alfalfa; 
from the tillable and oily crops: buckwheat, com, sunflower, potatoes, carrots, 
pumpkin, and flax. 

In the greenhouse the following crops were used: soft and hard spring wheat, 
oats, buckwheat, peas, clover, flax, sunflower. For each of these plants the 
number of duplicate pots used was such that sampling the soils at 10-day 
intervals during the vegetation period sufficed. A moisture content equiva¬ 
lent to 60 per cent of the moisture-holding capacity was maintained during the 
growth period. 

The plants in the greenhouse were sown at the same lime as the plants in 
the field; the samplings were done at 10-day intervals. The portion of the 
plant above the ground was weighed in the wet state soon after cutting, dried, 
weighed again, and analyzed for ash, nitrogen, and phosphoric acid. 

The daily losses of moisture as determined by comparing the weight of the 
pots and the plants during the growth period with the weight of the dry matter 
of the crop, afford a means of determining accurately the utilization of water 
by the plants during the different periods of growth. 

1 Trajislated from the Russian manuscript by J. S. Joffe, New Jersey Agricultural Experi¬ 
ment Station. 
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In the held, moisture determinations were made on corresponding da 3 rs at a 
depth of 100 cm. over an area of 10 cm.; the crops from dehnite areas upon 
harv’esting were weighed, dried, and weighed again. The crop samples were 
analyzed for ash and nitrogen. 

METEOROLOGICAL PECULLARITIES 

The vegetation period during the 3^ear was typical for the dry area around the 
lower Volga. The summer vras exceptionally hot and dry. The rainfall dur¬ 
ing the whole period of growth of the early spring grains was very slight, but 
hea\y showers fell on June 5. In the field the plants were growing primarily 
on the moisture reserve from fall and winter; for that reason the growth was 
far from being satisfactory and the yield therefore was diminished. The 
plants in the greenhouse did not suffer from a lack of moisture, but the com¬ 
paratively low moisture content of the air and the high temperature had its 
effect on their development. 

The temperature of the air in the greenhouse for the 10-day period from 
June 10 to June 19 was, on the average, 28.1°C.; the relative humidity of the 
air was, on the average, 36 per cent. This was the hottest and driest 10-day 
period during the growth of the wheat. The second half of the vegetation 
period was more favorable for growth; therefore the late tillable crops developed 
and gave a normal yield. 

POLTAVKA WHEAT IN EIELD AND IN GREENHOUSE 

The wheat was planted on April 23 and came up on May 4. Stooling was 
noticeable on May 19; heading out, about June 15 or 16; the crop matured 
about July 9 or 10. It is interesting to note that the development of the wheat 
in the greenhouse and in the field was absolutely identical, notwithstanding 
the sharp differences in the condition of their growth—^heavy watering in the 
greenhouse, on one hand, and the typical drought of the soil in the field. 
Simultaneous samplings of the growing plants were made on May 20 and 30, 
June 9,19 and 30, and on July 10 and 20. 

To calculate the transpiration coefficient in the field, use was made of the 
figures on the amount of water lost from the soil as determined by difference 
betw^een two successive determinations of the moisture content at the depth of 
100 cm. excluding the amoimt of ramfall. It was supposed that the latter was 
fully utilized by the soil, increasing in one way or another the percentage of 
moisture in it. Notwithstanding the fact that a part of the water was indirectly 
evaporated from the soil surface, and therefore this supposition was not 
exactly right, there was no possibility of approaching the problem in any other 
way. The transpiration coefficient in the greenhouse was determined in the 
ordinary way, that is, by dividing the total amount of water evaporated during 
the growth period by the weight of the dry yields. The fundamental data on 
this question are given in table 1. 
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The data presented for the field and greenhouse experiments suggest that the 
processes of the growth of Poltavka wheat run very closely even under such 
variable conditions. Of course, with the greenhouse experiment one gets a 
more distinct picture of the growth and also of the various limitations, since 
the plants themselves and the moisture supplied are fully controlled by the 
experimenter. It is entirely different in the field. Even the increase of growth 
cannot be discounted, since no two neighboring plots ever have the same vege¬ 
tation. Undoubtedly there is a similar variation in the pots, but this differ¬ 
ence is not so great. 

It is especially difficult to calculate the amount of soil water utilized by 
plants. In the first place it is not simple to calculate the moisture which is 
being evaporated from soils. There may be individual departures in different 


TABLE 1 


The amount of tops^ utilization of water^ and transpiration coefficient of Poltavka ■ jJieat in 

various phases of its growth 


TIME PERIOD 

OF OBSERVATION 

YIELD OF 
TOPS 

In field 

In greeohouse 

Mav 20. 
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June 9. 

June 19. 

June 30... 

July 10. 



■ 
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AMOUNT OF WATER TRANSPIRED 

WATER 
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EVAPO¬ 
RATED DUR- 

TRANSPIRA¬ 

TION 






INC THE 
10-DAY 
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■ 

■ 

At each lO'day 
interval 

Total 

COEFFICIENT 
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a> 

g 
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1 

1 


9 

ft 

2 

1 

ft 

tn 

1 

ft 


ft 

>5 


a 

3 

2 


2 


A 


fSk 

per 

cent 

poods 

poods 

poods 

poods 

per 

cent 

m 



31 

22 

39,435 

508 

39,435 


28 

4 

BBS 

282 

25 

15 

23,746 

1,477 


1,985 

17 

12 

2,256 

362 

27 

21 

16,146 

3,095 

79,327 

5,080 

12 

25 

1,259 

384 

44 

35 

34,732 

3,442 

114,059 

8,522 

25 

28 

1,141 

402 

52 

45 

21,733 

2,187 

135,792 


16 

18 

823 

449 

66 

69 

3,693 

1,445 



3 

12 

1,395 

565 


soils with variable degrees of porosity. It is absolutely impossible to deter¬ 
mine what portion of the rainfall moisture evaporates indirectly from the sur¬ 
face of the soil and does not take part in the processes of transpiration of 
plants. 

To simplify matters it is necessary to take into consideration all the atmos¬ 
pheric precipitation, assuming that it takes part in one way or another in the 
formation of that portion of moisture which is found in the soil at the time of 
sampling. 

It is interesting, however, to note that even with a crude method of calcu¬ 
lation, very close similarity was found in the processes of transpiration in the 
field and in the greenhouses. Discarding the first two 10-day periods, when 
the plants were still small and did not cover the soil, and when the moisture. 
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therefore, could evaporate freely from the surface, it was found that later there 
was a true parallel in the evaporation from the plants in the field and in the 
greenhouse. With a gradual increase the transpiration of wheat reached its 
maximum, both in greenhouse and in field, during the 10-day period from June 
9 to 19, when heading out and blooming took place. 

As may be inferred from the data given, Poltavka wheat, with constant 
watering of the soil in the greenhouse, transpired for the 20-day period—which 
coincides with the formation of stems, heading, and flowering—a little more 
than half of all the moisture necessary (53 per cent) for its growth. For the 
vAole month of June the wheat transpired 71 per cent of the moisture trans¬ 
pired for the whole vegetation period. 

From this we ma}" see clearly the significance of rainfall during May and the 
beginning of Jxme: it is from this source that the wheat draws its moisture for 
development. 

Under field conditions matters are somewhat different. Here under the 
conditions of drought during 1924 a great quantity of moisture from the soil 
was lost during the first days of the development of the wheat. The moisture 
so lost was unavailable for the plants; the losses came about not through the 
plants, but indirectly, through the soil. 

If, during the first two 10-day periods of the development of the wheat in 
the greenhouse, only 16 per cent of the total amount of moisture necessary for 
this development evaporated, then the unproductive loss of water from the 
soil for the same period is equivalent to 30 per cent of the total amount. Under 
such conditions the necessity of having a large amount of soil moisture in the 
spring for the successful growth of wheat is sharply brought out. A^the soilj 
is being covered with plants and shaded, evaporation of moisture through the 
soil is prevented; at this time the amounts of water necessary for the growth of 
the plants both in the greenhouse and in the field are very nearly equal. The 
great difference in the third 10-day period when less water was apparently 
evaporated in the field than in the greenhouse, is explained by the fact that 
during this time there was a heavy downpour of rain which gave to the soil 32 
mm. of water, increasing the soil water content at the time of the determination. 

Much less similarity is found in the rate of growth under field and greenhouse 
conditions. The difficulties in taking uniform samples of plants in the field 
become apparent, and the growth increase in the field does not correspond to 
the increase in the greenhouse. Notwithstanding the greater soil moisture 
consumption during the period of June 9 to 19, during which an increase in 
growth should appear, there was none in the field, although in the greenhouse 
during the same period the increase was quite appreciable. A large discrep¬ 
ancy may be accounted for by the fact that the samples were taken when ripe. 
Although in the greenhouse the last sampling was somewhat larger than the 
one previous, in the field the last sampling was only half of the one previous; 
this introduces a great error. 

If the decrease in dry matter of the field crop had been proportional to that 
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in the greenhouse, then the yield of the last sampling would have been about 
ISO gm. 

The discrepancy in taking the field samples greatly influences the calcula¬ 
tions of the transpiration coefficients; they cannot therefore be the same both 
in the field and in the greenhouse. The last two columns of table 1 give an 
idea of the amoimt of moisture necessary for plant growth in the different 
vegetative periods. It also gives the transpiration coefficient for the total 
3 deld. 

The figures on the transpiration coefficient is the greenhouse, show that 
transpiration increases with every 10-day period, the matured plant doubling 
that for the first sampling. The data lead to the supposition that the forma¬ 
tion of the vegetative mass of Poltavka wheat in the different periods of its 
gro'^^th does not coincide with the loss of moisture. The earlier portions of the 
plant seem to require for their formation less water than the portions which 
form later. As the plant is developing, each new unit of dry matter is formed 
with greater difficulty than the previous one. 

After aU, the transpiration coefficient of Poltavka wheat in the greenhouse 
during the year of the experiment was what it should be in a dry year. 

The data on the field observations give an entirely different picture. If 
the weight discrepancy of the last sampling is connected in proportion to the 
crop from the greenhouse, the transpiration coefficient for the total yield 
decreases appreciably and equals about 920. The change of the unit of the 
transpiration coefficient in the field at maturity produces a picture in perfect 
contrast to that in the greenhouse. Beginning with the large figure 3900, it 
gradually falls at maturity and is decreased approximately four times as 
compared with the first value. 

If the correction is not made, the transpiration coefficient in the field will be 
approximately two and one-half times as great in the field as in the greenhouse. 
With the correction for the crop, this value is decreased gradually until it is 
only twice as great. At any rate the utilization of water by wheat in the field 
during the year 1924 was twice that in the greenhouse which must be ascribed 
to the indirect loss of soil water, which was not taken into consideration. 

The figxires on the transpiration coefficient of the first 10-day period bring 
out this point. In the first 10-day period the wheat in the field is losing 
nearly 14 times as much water for each unit of dry matter as that in the green¬ 
house. In the next 10 dBys this loss is cut 2; the next, 2 more; gradually 
approaching to only 2 or 3 times the amount, as compared with the greenhouse. 
We must assume that if it would be possible to eliminate the indirect loss of 
water from the field soil, the utilization of water for the formation of dry 
matter of the crop in the field and in the greenhouse would not differ very 
much. 

BELOTOOBEA. WHEAT IN THE ITELD AND IN THE GBEENHOUSE 

With simultaneous plantings the germination and the first phases of develop¬ 
ment of Belotoorka and Poltavka were the same. A noticeable backwardness 
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begins with Belotoorka during the phase of heading; Belotoorka matures 10 
days later than Poltavka, and the last sampling was taken July 20. The time 
periods of taking the samples were the same. The data for Belotoorka are 
presented in table 2. 

The conditions of grow'th of Belotoorka in the field and greenhouse, are 
comparable to those of Poltavka. Notwithstanding the inconsistency in the 
figures for the field plants, we still obtain a comparable picture for the field 
and greenhouse, and for the evaporation of the water from the soil. 

The evaporation of water from the field soil with Belotoorka is small during 
the second 10-day period but is very large during the third. It is possible that 
there was an error in determining the moisture content of the soil. 

The water requirement for Belotoorka wheat in the field and in the green¬ 
house was at its maximum during the first 20 days of June. In the field, 


TABLE 2 


The amount of tops, ufilizaiion of water, and transpiration coefficient of Belotoorka wheat in 

various phases of its groiith 


TIME PEBIOD 
oy QBSERVATIOir 


May 20. 
May 30. 
June 9. 
June 19. 
June 30. 
July 9. 
July 19. 


1 




AMOrifX OF WATER T&AKSPZ&ED 

WATER 
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BY FLAKTS 
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RATCD DDR- 
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PERIOD 

CGEFFiaSNT 


1 


1 


t 

o 


SS 

1 


I 


1 

P 

I 
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»a 
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gm. 
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per 
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Poods 

poods 

poods 

per 

ceitt 

per 
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4 

1,6 

23 

19 

26,835 

526 

26,835 

526 

19 

1 

3,354 

337 

15 

4.8 

22 

15 

5,266 

1,284 

32,101 

1,910 

4 

17 

1,107 

378 

28 

13.6 

29 

22 

57,306 

2,739 

89,407 

4,549 

41 

37 

1,687 

336 

75 

14.9 

36 

42 

37,252 

nm 


6,351 

26 

24 

880 

426 

88 


45 

51 

3,253 

966 

129,912 

7,317 

2 

13 

770 

457 

85 

B«! 

61 

67 

6,213 

105 

136,125 

7,422 

4 

1 

i 835 

403 

101 

16.3 

63 

78 

4,680 



7,462 

3 

5 

725 

458 


67 per cent and in the greenhouse 61 per cent of the total for the whole period 
of growth were evaporated. It is worth noting that the process of utilization 
of water during the growth of Belotoorka is somewhat different from that of 
Poltavka. In the greenhouse the Poltavka up to June 1 took only 16 per cent 
of the total moisture necessary, while Belotoorka for the same period took 24 
per cent. The maximum utilization of water by Poltavka was during the pe¬ 
riod from June 9 to 19. For Belotoorka this maximum was 10 days earlier. 
For that reason up to June 9, 61 per cent of the total moistmre was necessary 
for Belotoorka whereas for Poltavka only 41 per cent was necessary. Still 
the development of Belotoorka was slower than that of Poltavka, Apparently 
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Belotoorka requires for successful growth a good deal more water in the begin¬ 
ning than Poltavka. 

As to the accumulation of dry matter in the field, the Belotoorka was more 
successful than the Poltavka, consequently the transpiration coefficients for 
the 10-day periods were more regular. The greatest transpiration coefficient, 
which was in this case also during the first 10-day period, is equal to 10 times 
the coefficient for the greenhouse. This very clearly indicates the great loss 
of water from the soil under wheat during the first weeks of its development 
when it does not as yet shade the ground and the moisture evaporates without 
any hindrance from the soil surface. 

After two 10-day periods the transpiration coefficient of Belotoorka drops to 
half; in the next 10-day period to another half; and after that it changes but 
little up to maturity. Because of the accuracy of sampling at harvesting, the 
transpiration coefficient for Belotoorka was a good deal less at this time than 
for Poltavka and relatively dose to the calculated value of Poltavka. A 
comparison of the transpiration coeffident in the field with that in the green¬ 
house, shows that the latter was fluctuating within very small limits, gradually 
increasing at maturity. It is interesting to note that during the year of obser¬ 
vation the transpiration coeffident of Belotoorka in the field and in the green¬ 
house was appreciably less than for Poltavka. The total amount of water 
evaporated during the growth period of these two kinds of wheat was the same 
in the field, but in the greenhouse the Poltavka evaporated more water than 
Belotoorka. 

VICTORIA PEAS IN THE FIELD AND IN THE GREENHOUSE 

Among the legumes, Victoria peas planted in the field and in the greenhouse 
at the same time on April 29 were observed in both places. The rate of growth 
of the peas in the field and in the greenhouse was the same; during June 23 and 
25 both sets of plants bloomed. In the greenhouse the peas were harvested 
on July 22, and in the field on July 29. The data for the Victoria peas are 
shown in table 3. 

The character of growth of the peas in the greenhouse and in the field is 
about the same; there is a gradual accumulation of dry matter almost to the 
end of the development and a slight decrease before harvesting. The pea 
crop in the field developed later than in the greenhouse. In the utilizaton of 
soil water by the plants in the field and in the greenhouse, there was very little 
similarity, but this must be ascribed to the method of determination, which is 
not at all satisfactory under field conditions. Here, just as in the previous 
cases, during the first interval the peas in the field lost a large amount of water 
on account of the indirect evaporation of water from the soil surface. Later a 
greater utilization of water by the field plants, especially during the first 10 
days of Jxme, was noticed. This corresponds with the blooming period of the 
peas. In the greenhouse the utilization of water was more regular and more or 
less equal during the whole period of growth. The very early and the verv 
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TABLE 3 

Tke aij:o:int of tops, uiilization of zjater, and transpiration coefficient of Victoria peas in various 

phases of its grov:th 



TABLE 4 


The amount of tops, utilization of vjjler, and transpiration coefficient of hichz'heat in various 

phases of its grout h 


TIUE PERIOD 
QF OBSERVATION 


May 30. 
June 9. 
June 19. 
June 30. 
July 10. 
July 20. 
July 31. 


VIELDOF 

1 

.V.- 1 

MATTrn 

AKOrNT or WATER TRANSPIRED 

BY PLANTS 

WATER 
EVAPO¬ 
RATED DUR- 

TWft 'TBfTC 

TRANSPIRA¬ 

TION 





At each 10-day 
interval 

Total 

10-D\.Y 

PERIOD 

COEFFICIENT 


u 

h 

1 


1 


en 

1 


u 


1 


4> 

1 

In field 

8 

u> 

A 

Tn field 

i 

u 

In £cM 

i 

ea 

•2 

In field 

1 

s 

In field 

! 

Tn field 


gm. 


E9 


poods 

poods 

poods 

poods 

m 

per 

cent 




0.9 


8 


62 


62 


0.4 


65 

22 

15.4 

15 

IS 

23,C?S 

2,042 

23,09£ 

2,104 

22 

13 

C/i 

1-^ 

136 

83 

19.7 

19 

14 

21,292 

3,747 

45,290 

5,851 

20 

23 

285 

296 

li^ 

41.6 

28 

23 

41,053 


86,343 

9,345 

38 

22 

381 

224 

212 


32 

30 

5,373 


91,176 

13,050 

5 

23 

226 

250 

156 

78.2 

30 

47 

1,50C 



15,294 

1 

14 

312 

195 

214 


35 

65 


738 

95,146 

16,032 

2 

5 

232 



latest phases of growth of the greenhouse peas required a small amount of 
water; it seems that during the period before blooming, peas require the great¬ 
est amount of soil moisture. There is a great uniformity in the transpiration 
coeflScients of the peas both for the field and for the greenhouse conditions, 


































































UTILIZATION OF SOIL MOISTURE BY PLANTS 


83 


except that the greatest transpiration coefficient is during the first period of 
growth in the field whereas it is the smallest during the same time in the green¬ 
house. Later these values are not so far apart and in the final results it may be 
shown that the transpiration coefficient in the field is even less than in the 
greenhouse. 


BUCKWHEAT IN THE FIELD AND IN THE GREENHOUSE 

In the observations with buckwheat during 1924, the last sampling at matur¬ 
ity was not taken and therefore a comparison of the final transpiration coeffi¬ 
cients of this plant at maturity is impossible. Neither were the observations 
for the growth and water utilization in the field and in the greenhouse made at 
the same time, the observations in the field being two days later. These data 
are summarized in table 4. 

Unfortunately there was no sample at harvesting and therefore no possibility 
of determining the transpiration coefficient at harvesting. It is, however, very 
interesting to note that the transpiration coefficients of buckwheat in the field 
and in the greenhouse are very close, beginning with the third sampling. 

As has been repeatedly shown in experiments on the transpiration coefficient 
of tillable plants, buckwheat belongs to the plants with a comparatively small 
transpiration coefficient. This was confirmed by observations in the field and 
in the greenhouse during 1924. The buckwheat required the least amount of 
water for its growth, giving at the same time a very large amount of growth at 
harvesting. 

The utilization of water in the greenhouse was regular during almost the 
whole growth period, and it was only during the last IQ-day period before 
maturity that the plants required a relatively small amount of water. It was 
not so regular in the field. A fairly large amount of moisture—^about 12 per 
cent—was used by the plants during the last 10-day period (from August 1 to 
11), whereas m the greenhouse during the same period only 5 per cent was 
used. 

Notwithstanding the crudeness of the determmation of the utilization of 
water by plants during their growth in the field, there was a chance to note very 
accurately the characteristic properties of buckwheat in this respect. This 
supports the belief of the author that by observing plants in the field it is pos¬ 
sible more or less, although in relative figures, to notice the character of the 
utilization of soil water by crops. On the other hand the greenhouse experi¬ 
ments may serve to differentiate in series the cultural plants from the stand¬ 
point of their utilization of water even under field conditions. 

SUNFLOWERS IN THE FIELD AND IN THE GREENHOUSE 

Parallel observations on sunflowers grown under field and under greenhouse 
conditions were made, with the greenhouse plants started somewhat earlier. 
The ripening of the sunflowers in the field was delayed and the harvest was 
completed 10 days after the greenhouse crop was harvested. 
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Table S gives the data on the sunflower plants. In determining the trans¬ 
piration coefficient of sunflowers, one must consider the difficulties connected 
with the selection of samples for the determination of the dry matter. The 
difficulty consists in that one must take only five to eight plants. To select 
more or less uniform plants every time is difficult, and therefore a series of 
irregular figures is obtained for the dry matter. This is particularly notice¬ 
able at the end of the vegetation period when it is necessary to deal with the 
large plants. It is impossible to avoid this in the greenhouse; for that reason 
the dry matter figures of the crop vary from time to time. 

In the greenhouse there is a regular increase of the utilization of water with 
the growli of the plant, whereas in the field for the period from June 11 to July 


TABLE 5 

The amount of top$^ utilization of ^iiL'oter, and transpiration coefficient of the sunflower plant in 

various phases of its growth 


TIME PERIOD 

OF OBSERVATION 

YIELO OF 
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BY I 
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U3 

a. 
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2 

a 
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2 

iS 

a 
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5 

ta 

a 

w 
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2 

S 

a 
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June 2. 

June 11. 

June 21. 

July 2. 

July 12. 

July 22. 

August 1. 

August 11. 

August 22. 

gm. 

17 

63 

72 
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130 
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gm. 

5.6 

14.4 
26.2 

41.5 
56.1 

53.8 
67.4 

50.8 


per 

cent 

11 

13 

18 

19 

22 

22 

33 

33 

poods 

12,892 

59,826 

32,212 

30,973 

4,063 

3,687 

1,053 

5,040 

15,567 

Poods 

2,167 

4,146 

6,031 

4,404 

5,978 

3,522 

2,085 

1,640 

poods 

12,892 

72,718 

104,930 

135,903 

139,996 

143,653 

144,706 

149,746 

165,313 

poods 

2,507 

6,653 

12,684 

17,088 

23,064 

26,586 

28,671 

30,311 

H 

per 

cent 

7 

14 
20 

15 
20 
14 

7 

5 

402 
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760 

635 

455 

576 

516 

390 

454 

449 

462 

484 

412 

411 

494 

425 

595 


22, the variations in the amount of water utilized for 20 days are not so great. 
In the field the great mass of water from the soil was taken in the beginning of 
July. After that period very little water was utilized. 

The observations recorded bring out the very interesting fact—^the trans¬ 
piration coefficients of sunflowers, m the field and in the greenhouse are very 
dose to each other—^that the development of sunflowers requires somewhat 
more water in the field than in the greenhouse. The final transpiration coeffi- 
dents are 595 for the greenhouse and 554 for the field. 

From the figures it may be inferred that the sunflower plant requires a 
large amount of moisture for its development in the field Of course this 
may be explained by the prolonged vegetation period, which in this case was 
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a month and a half greater than the vegetation period of wheat. This aflFords 
the sunflower, and other plants with a prolonged vegetation period, the possi¬ 
bility of utilizing the rainfall of the second half of the summer when the spring 
wheat ceases to develop. For that reason the yield of these plants does not 
depend so much upon the spring rains and soil moisture; these are not depend¬ 
able in that neighborhood. 

Notwithstanding the fact that the soil under the sunflower plant, generally 
speaking, evaporates a great amount of moisture, the transpiration coeflflcient 
of the sunflower is not so great. This may be explained by the fact that sun¬ 
flowers give a large yield of tops. The figures that are available for sunflowers 
indicate that during the vegetation period about 75,000 poods^ per desiatina® 
of rain water fell. 


TABLE 6 


The amount of tops, utilization of water, and transpiration coefficient of flax in various phases 

of its growth 
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35 

9 

1,446 

697 

19,506 

4,143 

64,319 

6,701 

20 

17 

1,191 

874 

17,932 

6,221 

82,251 

12,922 

18 

25 

1,418 

1,018 

13,333 

3,756 

95,584 

16,678 

14 

14 

1,518 

820 

1,173 


96,757 

21,549 

24,946 

1 

19 

14 

1,861 

823 
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Calculations show that the sunflower plants evaporated during their period 
of growth approximately 165,000 poods of water per desiatina. Thus the 
sunflower had at its disposal from the precipitation about 46 per cent of the 
moisture required; it was forced to obtain 54 per cent from the moisture 
stored in the soil. 


FLAX IN THE FIELD AND IN THE GREENHOUSE 

Among the other oily plants for the region, flax has a certain significance, 
although it is not planted extensively in the district. 

* Pood « about 36 American pounds, or 16.38 kgm. 

® Desiatina » about 2.7 acres. 
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Samples of flax were taken beginning with May 21. The hot weather and 
the lack of rain stimulated so its growth in the field that around July 11 harvest¬ 
ing was necessar}". The greater moisture content of the greenhouse soil 
retarded the development of the flax and its maturity was delayed 10 days. 

Table 6 gives the data for flax. 

The general trend of accumulation of dry matter of the field crop is parallel 
to that in the greenhouse, although, as was mentioned, the flax in the green¬ 
house was retarded in its growth as compared with the flax in the field. Due 
to the fact that the soil moisture content in the greenhouse was constant and 
fairly high, the greenhouse plants contained a greater amount of moisture than 
the field plants, which were practically dry at the time of harvest. 

The accumulation of dry matter in the field plants was completed during the 
first 10 days of July. Simultaneously the utilization of soil water ceased. In 
the greenhouse the growth and utilization of water continued up to the time of 
maturity. Observations show that the plants in the field matured prematurely, 


TABLE 7 

The amount of moisture utilized and the transpiration coefficient 


PLANT 

1NTH£PIELD 

1 IN THE GEEENHOUSS 

Amoimt of 
moisture 

Transpiration 

coemdent 

Amount of 
moisture 

Transpiration 

coemdent 

Sunflower. 

poods 

165,313 

554 

poods 

30,311 

595 

Belotooika. 

140,805 

725 

7,462 

458 

Poltavka... 

138,465 

1,365 

12,154 

565 

Peas. 

98,507 

524 

23,703 

655 

Flax. 

96,757 

1,861 

24,946 

869 

Buckwheat. 

95,146 

232 

16,032 

200 


were comparatively under-developed, gave a small surface growth, and conse¬ 
quently a very high transpiration coefficient. 

In the greenhouse the plants developed normally, gave a normal yield, and 
yet the transpiration coefficient was very great as compared with other plants. 
In the transpiration coefficient, as determined by field and greenhouse experi¬ 
ments, flax approaches the plants with a short vegetation period. The large 
transpiration coefficient of flax under field conditions must be associated with 
the possibility of the very large evaporation of water indirectly from the soil, 
since flax does not cover the soil and does not protect it from the sun rays. 

UnUZATION OF WATER IN THE FIELD AND IN THE GREENHOUSE BY VARIOUS 

PLANTS 

By comparing the figures obtained from observations on the utilization of 
water in the field and in the greenhouse by various plants table 7 was obtained. 

If the plants were tabulated according to the diminishin g value of the trans- 
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piration coefficient, the following two series would appear: in the field—^flax, 
Poltavka, Belotoorka, sunflower, peas, and buckwheat; in the greenhouse— 
flax, peas, sunflower, Poltavka, Belotoorka, and buckwheat. 

It happens that only the two extreme representatives of the two series coin¬ 
cide; both in the field and in the greenhouse, flax has the greatest transpira¬ 
tion coefficient, and buckwheat, the lowest. As to the places of the other four 
plants, we see almost a complete contradiction between the field and the green¬ 
house. The peas and the sunflowers require in the field less water than the 
wheat; in the greenhouse, on the other hand, wheat requires less water than 
sunflowers and peas. 

An examination of the time of harvest of the plants in the field, shows that 
the early maturing plants—^flax, Poltavka and Belotoorka—have the greatest 
transpiration coefficient, whereas the late maturing plants have the lowest 
transpiration coefficient. There are no indications of such a relationship in 
the greenhouse, here the Belotoorka and Poltavka, which were harvested early, 
have a lower transpiration coefficient than the plants which matured later, 
with the exception of buckwheat. 

It has been noted alreadv that in the beginning of the growth period the 
transpiration coefficient for all the field plants is generally very high. This has 
been ascribed to the fact that there is an indirect evaporation of water from 
the soil itself, which does not play an essential r61e in the production of the dry 
matter. That this actually happens is shown by the figures for the determinar 
tions of the soil moisture during the growth period of the plants on the cropped 
plots as compared with the plots that had no vegetation. During the period of 
sprouting the moisture content of the soil of the cropped and uncropped plots 
was the same. In either case, the moisture content depended upon the amount 
of water evaporated indirectly from the soil; upon this, the plant in its first 
stages of growth had very little effect. The author is convinced that the 
increase of the transpiration coefficient for the early maturing field plants 
may be explained by these circumstances. Of course for other plants too the 
same condition is observed in determining their moisture requirements during 
the first periods, but for plants with a long vegetation period, soil moisture 
evaporation does not play a great rdle. Besides, these develop faster than 
wheat, shade the ground earlier, and prevent the indirect evaporation of soil 
water. 

If it were possible methodically to exclude the indirect evaporation of water 
from the soil surface, the transpiration coefficients for the field and greenhouse 
would approach each other. But this would have theoretical value only. In 
the field, conditions cannot be changed; a large mass of water must be evapo¬ 
rated indirectly from the soil, which must be taken into consideration in practi¬ 
cal wheat culture. 

It should be noted that the quick maturing plants—^wheat, flax—give in 
the field and in the greenhouse the least amount of tops as compared with the 
other plants, which naturally would influence their coefficient. 
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In the field observ^ations the transpiration coefficients for different plants 
were calculated on the basis of the amount of rainfall between periods of the 
cbserv’ations. As has been said, the sum total of this rainfall was not dis¬ 
counted separately, but since it probably influences the moisture content of the 
soil, it ought to be taken into consideration. 

On account of the variations in the growth period of the plants they receive 
an unequal amount of rainfall, the late maturing plants naturally receiving 
mere than the early maturing. Thus the flax from its sprouting period to the 
time of har\^est receives altogether per desiatina 31,200 poods of rainfall; 
Poltavka, 36,000; Belatoorka, 50,000; peas and buckwheat, 68,300, and sun¬ 
flowers, 74,600. 

If the total amount of rainfall were taken up by the soil and then utilized for 
plant development, the amount of such moisture utilized by the different plants 
for their growth would comprise the following: Poltavka, 26 per cent; flax, 
32 per cent; Belatoorka, 36 per cent; sunflowers, 45 per cent; peas, 70 per cent; 
buckw’heat, 72 per cent. The order of plants in this respect is almost identi¬ 
cal with that of the transpiration coefficient in the field, with the exception that 
Poltavka and flax change places. 

The remainder of moisture necessary for the plants must have been taken 
from the soil sources that were present at the time of planting. Undoubtedly 
a certain portion of the rainfall did not participate in the life processes of the 
plants: it evaporated indirectly from the soil surface under the influence of the 
sun rays. This brings out more clearly the importance of the moisture 
resources of the soil in the spring. It is dear that the quickly maturing plants 
must have for their successful growth great resources of soil moisture; their 
successful growth may be taken care of otherwise only by a large amount of 
rainfall during their growth period. At the same time it becomes dear why 
cultivated plants with a long vegetation period are successfully grown in this 
arid district; there is always the chance that a large portion of the required 
moisture will be covered by the rainfall, which is usually more constant in 
July and August than in May or June. 

WINTER RYE AND WHEAT IN TBHR REEID 

On account of the difficulty in conducting moisture requirement experiments 
in the greenhouse, the number of plants studied under such conditions was 
limited; in the fidd it was possible to observe a good many plants—^winter rye 
and wheat, com, sorghum, potatoes, carrots, hay like alfalfa, and others 
—for which there were no parallds in the greenhouse. The data of only a few 
of these plants will be considered. To these belong winter rye and wheat on 
w h i ch observations were made from April 20 to July 8 when the winter rye was 
harvested, and to July 12 when the wheat was harvested. For the winter rye 
the soil gave up approximately 99,000 poods of water per desiatina. The 
amount of rainfall per desiatina for this period was 36,000 poods. Thus the 
winter rj^e could utilize &om the rainfall only 37 per cent of the water necessary 
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for its growth; it approaches in this respect the earlier spring crops. The 
transpiration coefficient of winter rye was determined as 545. 

The rate of the utilization of water by winter rye was not uniform through¬ 
out its growth. Especially large was the utilization of water during the 10- 
day period from May 23 to June 3—during the time of tube formation to com¬ 
plete heading out when the rye required approximately 36 per cent of the mois¬ 
ture necessary for its growth. During the next 10-day period only 27 per 
cent of the soil moisture was utilized. During these two 10-day periods the 
greatest increase in growth of the rye—a total of 86 per cent—was noticeable. 
Although these figures may not be very accurate, one can judge the rate of 
accumulation of dry material during crop growth. 

For winter wheat the rate of utilization of soil water was very dose to that of 
rye. Of the water necessary for the growth of the winter-wheat—128,500 
poods—only 36,000 poods or 28 per cent came in the form of rainfall. The 
wheat was forced to obtain three-fourths of its moisture from the soil resources 
present there at springtime. The maximum utilization of soil water by the 
wheat was the same as for the rye. For the two 10-day periods from June 3 
to 23, the winter wheat utilized 58 per cent of all the moisture taken from the 
soil; after that it utilized relatively very little soil water. 

The period of heading out was the most productive in the sense of formation 
of dry matter of the crop. The final transpiration coeffident for the winter 
wheat at the time of harvest was 706. 

CORN AND SORGHUM IN THE FIELD 

Both com and sorghum are famous for their prolonged period of growth— 
they were harvested September 5. Since these plants develop very slowly 
during the first weeks of their growth, the observations were taken in the begin¬ 
ning of June. During this period the soil under com lost 147,000 poods of 
water and under the sorghum, 180,800 poods. The rainfall during this time 
amounted to about 95,000 poods per desiatina. Thus com could replenish 
from the rainfall resources as high as 64 per cent of the moisture necessary for 
its development, and sorghum, about 53 per cent. During the following two 
10-day periods from July 3 to 24, com lost 37 per cent of all the moisture 
utilized, sorghum lost about 30 per cent. For the com this period of intensi¬ 
fied loss of water coindded with the blooming and the beginning of the filling 
out of the grain; with the sorghum it coindded with the formation of the head. 
These periods of intensified utilization of water coindded with the periods of 
intensified accumulation of dry matter in both plants. During the remaining 
period of growth, utilization of water was relatively regular. 

The final transpiration coeffident for com is 533; for sorghum, 282. There 
is reason to believe that the final transpiration coeffident for com is somewhat 
too high, since the weight of the dry matter at harvest was found to be lower 
when taken at earlier periods. Since in securing samples of com only one or 
two plants can be taken, errors in picking the plants for sampling are always 
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possible, and this has its effect on the transpiration coefficient, which in the 
long nin is a result of the division of the total loss of moisture by the weight of 
the dry matter of the crop. But even in the xmcorrected form, the transpira¬ 
tion coefficient of com and especially that of sorghum is very characteristic. 

For potatoes and carrots the greatest amount of growth must be ascribed to 
the moisture due to rainfall. Thus for potatoes the soil gave up 145,700 poods 
of water per desiatina, whereas the amount of rainfall during its growth was 
equal to 129,700 poods, that is, 89 per cent of all the moisture utilized by the 
potatoes may be attributed to rainfall. For the carrots the figures are some¬ 
what lower; namely, 73 per cent. Utilization of soil water by both of these 
plants was regular and was not in any way peculiar during a particular 10-day 
period. The same regularity was observed in the accumulation of the dry 
matter of the crop.. 

The final transpiration coeflScient for the potatoes was 441; for carrots, 549. 

The data of the field observations on the utilization of water by various 
cultivated plants during 1924 corroborated the fundamental thought expressed 
on the value of the sources of moisture at the time of planting for the various 
spring crops and the importance of May rainfall for these plants, and empha¬ 
sized especially the character of the utilization of water by cultivated plants 
which are more suited for conditions of rainfall distribution during the vegeta¬ 
tion period in that district. 

CONCLUSIONS 

Under the conditions of the dry year of 1924, the study of the problem of the 
utilization of water by plants under field and under greenhouse conditions 
established the fact that the general character of the utilization of water is 
very similar under the various conditions, but the difficulty of such investiga¬ 
tion in the field somewhat obscures the similarity. 

1. Under the conditions of this investigation larger amounts of moisture are utilized during 
the first part of the vegetation period in the field than in the greenhouse. The loss of mois¬ 
ture must be ascribed to the indirect evaporation of water by the soil alongside the plants, 
something which does not take place in the greenhouse. Therefore, the transpiration coeffi¬ 
cients of all the plants in the fie'd are comparatively higher than in the greenhouse during the 
first part of the vegetation period. 

2. This unavoidab’e loss of water indirectly by the soil dunng the vegetation period in the 
field leads to the conclusion that the translation coefficient in the field is always greater than 
in the greenhouse. The isolated cases of a larger translration coefficient in the greenhouse 
thea in the field cannot be satisfactorily ezpl^^ed. 

. 3. For the majority of the early spxmg crops the utilization of water during the growth 
pOTod is not regu'ar; there are secific periods when the plants put a greater demand on the 
soil for the moisture. With grain crops this period coincides with the period of heading out 
and blooming. 

4. Utilization of water by seed plants like com, sorghum and buckwheat, is more r^ilar, 
but there are certain periods which are outstond'.ng because of greater utilization of moisture. 

5. The i^ts with a long vegetation period—the roots and tubers—are utilizing the soil 
iMsture with a great regularity during the whole period of their growth; no intensified utiliza¬ 
tion of water at any period was noticed. 
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6. The re’at^on of the various groups of plants to the soil mo’sture resources at the time of 
planting and to the rainfall during the summer is there^’ore entirely different. Whereas the 
ear'y maturing gram crops have to depend for their development on the soil water resources, 
the late maturing plants may utilize the ram^^all during the who’e vegetation period and thus 
not be depending so much on the soil resources stored from the spring. The necessity of a 
thorough preparation of the soil in the fall for planting the early spring crops is very evident 
from this standpoint. Apparently the fall preparation of the soil will have less effect on the 
later plants. 

7. Notwithstanding the fact that these data cover on’y one yen’*, and that these observa¬ 
tions must be continued in order to obtain more substantial conclusions, the author fee's that 
the resu'ts of the work reported present a certain interest, since the year 1924, which has just 
expired, was a typical dry year for the region of the lower Volga. 
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This paper reports the results of a continuatioii of studies of the nodule 
bacteria of legumes presented in a previous paper, and has for its purpose the 
determination of the effects of certain factors upon the life and growth of these 
organisms in the soil and in artificial media. 

PAR.T m—FACTORS INFLUENCING THE GROWTH OF B, RADiaCOLA 

This investigation was conducted in order to study causes of failure with 
liquid cultures. 

Methods employed 

The culture used in the succeeding experiments was B, radicicola of garden 
pea, transferred from pure stock to an 8-ounce culture bottle containing man- 
nite agar media freshly made. The age of the culture at time of using was 20 
days. 

In order to determine the effect of various temperatures, the refrigerator 
at 10®C. and the incubator at 25® to 28®C. were chosen for storage purposes. 

Platings were made at different intervals as indicated in the experiments. 
The dilution used for plating was from 1-100 to 1-10,000,000. Li order to 
verify the results of the bacterial count, tests for inoculation were conducted. 
The inoculation was made at the time of plating. It was on the basis of 1 
pint of bacterial infusion per bushel of seed, having approximately 150,000 
seeds (garden pea). 

Experiment 9—The efect of diltUion and storage 

Three bottles having vigorous growth of B, radicicola of garden pea were 
mixed together and diluted to 3 pints with sterile tap water. This volume 
was divided into three equal portions and each portion treated differently. 
To the first portion nothing was added; the second portion was diluted to 
1 quart; and the third to 1 gallon. Each dilution was divided into 4 equal 
portions and put in Erlenmeyer flasks, 2 provided with cotton plugs and the 

1 Portion of a. thesis submitted to the faculty of the University of Illinois in partial ful¬ 
fillment of the requirements for the degree of Doctor of Philosophy. Parts I and n were 
published in the preceding issue of Son. Science. 
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Other 2 with rubber stoppers. A flask with rubber stopper and one with 
cotton plug from each dilution were placed in the refrigerator and the other 
flasks were placed in the incubator. 

After the 94-day plating, 0.4 gm. of mannite sugar dissolved in 5 cc. of sterile 
distflled water was added to containers A, A'c, B,B'c, C, and C'c. 

Experiment 10—The eject of cane and mannite liquid media 

Each of four 8-ounce bottles w^as filled with 80 cc. of sterile liquid media 
and inoculated wdth 1 cc. of bacterial infusion containing approximately 54 

TABLE 1 

The efcct of dilution and storage upon the number of B, radicicola of garden pea—Experiment 9 


TIME OF STORAGE PRECEDING BACTERIAL COUNT 


TAINERS* 

Imme- ' 
diate { 

1 5 days 

10 days 

30 days 

42 days 

60 days 

70 days 

Q4 days 

106 

days 

142 

days 


millions 

fnillions 

millions 

millions 

mUions 

millions 

millions 

millions 

millions 

millions 

A 

19.250 

60.00 

68 

60 

33 

11.0 

8.0 

6.00 

5.200 


Ac 

18.750 

92.00 

80 

84 



26.0 

21.00 

5.500 


A 

17.800 


149 

143 

120 

100.0 

80.0 

92.00 

91.000 

56 

A'c 

18.000 

169.00 

164 

161 



110.0 

65.00 

47.000 

S 

B 

9.800 

108.00 

Many 

59 

42 

13.0 

10.0 

9.00 

4.150 


Be 

8.600 

95.00 

132 

40 



20.0 

10.00 

1.000 


B' 

9.600 

204.00 

133 

169 

164 

100.0 

80.0 

80.00 

23.000 

17 

B'c 

9.800 

171.00 

120 

135 



100.0 

72 00 

30 000 

7 

C 

2.290 

29,00 

40 

23 

16 

1.1 

0.3 

0.02 

0.010 


Cc 

3.000 

28.95 

42 

22 



5.0 

4.00 

2.000 


a 

1.930 

59.00 

49 

44 

38 

20.0 

14.0 

17.00 

24.000 

1 

C'c 

2.250 

44.00 

61 

58 








* A contained 1 pint, with cotton plug. 

B contained 1 quart, with cotton plug. 

C contained 1 ^on, with cotton plug. 

'*Piime” indicates refrigerator for storage. 

Small "c” indicates container with rubber stopper. 


million bacteria per cubic centimeter. The organisms were incubated at 26®C. 
and bacterial counts were made at 5,10,20,30, and 40 days. After the fortieth 
day count, the bacterial infusion from eadi bottle was diluted to 1 quart and 
used for inoculation test. 

Experiment 11—The effect of oxygen supply upon the grrmth of JB. radicicola in 

solid and in liquid media 

E^ular mannite media was prepared, except that in the case of liquid 
media agar-agar was omitted. Both liquid Erlemneyer flasks and solid media, 
80 cc. of the former and SO cc. of the latter were kept in 100 cc. After the 
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media had been sterilized and allowed to cool for a few days, 1 cc. of B. radici- 
cola infusion of garden pea was transferred to each flask. Immediately after 
the transfer, some of the flasks were made air-tight by inserting rubber stoppers 
and sealing with paraffin. The organisms were incubated at 26°C. and bac¬ 
terial counts and tests for nodule production were made at 10,20, and 30 days. 
For bacterial counts, 1 cc. of bacterial infusion from solid media was diluted to 
10 cc. with sterile tap water, and then a sample was taken from that diluted in¬ 
fusion. For the inoculation test in this experiment, 1 cc. of bacterial infusion 
from either media was used to inoculate 5 sterile seeds. 

TABLE 2 


The effect of cane and mannite liquid media upon grcnoth of B. radicicola of garden pea — 

Experiment 10 
Bacterial counts 


UEDU 

PLATnfOS AFTER 

INOCUIATION TEST 
40 BAYS 

5 

dasTS 

10 

days 

20 

days 

30 

days 

40 

days 

Mannite.... 

millions 

36 

25 

millions 

127 

45 

millions 

79 

32 

millions 

112 

4 

millions 

80 

3 

Many nodules 
Few nodules 

Cane. 



TABLE 3 

The effect of shaking upon the growth of B. radicicola—Experiment 12 
Bacteria count 


CONDITIONS 

AMOUNT OP 

INITIAL COUNT 

PLATINGS AFTER 

MEDIA 1 

4 days 

24 days 

30 days 


CC, 


millions 

mllions 

mUions 

Shaken.| 


380,000 

60 

210 

120 

(b) 200 

865,000 

30 

140 

50 

Not shaken.| 

(a) 100 

(b) 200 

1,650,000 

900,000 

65 

40 

60 

20 

40 

20 


Th^ counts after 10, 20, and 30 days showed that organisms were totally 
absent from both the solid and liquid media provided with rubber stoppers, 
where the dilution was 1-10,000 per cubic centimeter. The organisms grown 
in similar media but with the flasks plugged with cotton were alive and had 
multiplied greatly, 243 million for solid and 45 million for liquid being found 
per cubic centimeter at 10-days growth. 

Very few nodules were found as the result 6i inoculation with the infusion 
from the sealed flasks containing either kind of media. But veiy abundant 
nodule production was obtained from the inoculation with the infusion from 
flasks with cotton plugs. Na difference was observed between the solid and 
liquid media in regard to nodule production. 
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The results of this experiment seem to indicate that lack of oxygen may be 
the cause of the organisms surviving for so short a period. Therefore, the 
following experiments along this line of attack were undertaken. 

Experiment 12—Effect of shaking upon growth of B. radicicola 

In this experiment, four 8-oimce bottles were used as containers. Two of 
these bottles received 100 cc. each, and the other two, 200 cc. each, of the 
media. After the media had been sterilized and allowed to cool for a few days, 
the orga n is m s were introduced. The inoculation of this media was on the basis 
of 1 cc. of the infusion of B. radicicola of garden pea to 100 cc. of the media. 
The organisms were incubated at 26°C. One bottle containing 100 cc. and 


TABLE 4 

Oxygen as a limiting factor during the growth of B, radicicola of garden pea n mannite liquid 

media—Experiment 13 


COKDirXOKS 

PLATED 

APIER 

1 

PLATES 

DILTJTION 

COLO- 

mEs 

117 

PLATES 

BACIEEIA PEE CUBIC 
CE17TDCETE& 

NODULES 

PRODUCED 

Oiiginal infusion. 

days 

initial 

E 

1-1 

million 

15 

15 million 

Many 

Cotton plug. 

4 

E 

1-1 

million 

25 

25 million 

Many 

Rubber stopper. 

4 

E 

1-1 

million 

2 

2 million 

Few 

Cotton plug. 

7 

F 

1-10 

million 

7 

70 million 

Many 

Rubber stopper. 

7 

F 

1-10 

million 

1 

10 million 

Few 

Cotton plug. 

11 

F 

1-10 

million 

5 

50 million 

Many 

Rubber stopper. 

11 

E 

1-1 

million 

19 

19 million 

Several 

Cotton plug. 

15 

E 

1-1 

million 

115 

115 million 

Many 

Rubber stopper. 

15 

E 

1-1 

million 

25 

25 million 

Many 

Cotton plug. 

20 

F 

1-10 

million 

17 

170 million 

Many 

Rubber stopper. 

20 

E 

1-1 

million 

14 

14 million 

Several 

Cotton plug. 

23 

F 

1-10 

million 

16 

160 million 

Many 

Rubber stopper. 

23 

B 

1-1,000 


5 

5,000 

Scant 

Cotton plug. 

27 

F 

1-10 

million 

17 

170 million 


Rubber stopper. 

27 

C 

1-10,000 

17 

17,000 


Cotton plug. 

34 

F 

1-10 

million 

3 

30 million 

Many 

Rubber stopper.. 

34 

B 

1-1,000 


5 

5,000 

Scant 


one containing 200 cc. were shaken once a day, whereas the other two were 
left undisturbed. In order to facilitate the sh akin g and to introduce more 
oxj-gen in the liquid without its touching the cotton plug, the bottle was im- 
plugged, flamed, and the solution was stirred with the flamed glass rod. Plat¬ 
ings were made immediately after the solution was inoculated and also at 4, 
24, and 30 days. Tests for nodule production were also conducted. 

Experimeni 13 The effect of oxygen supply upon the growth of 5. radicicola 

This experiment was conducted with the idea gathered from the results of 
previous experiments, that oxygen in a limited amount is the factor concerned 
during the growth of B. radicicola of garden pea in mannite liquid media. 
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In each of fourteen 100-cc. Erlemneyer flasks, 80 cc. of mannite liquid 
media was placed. An excess of calcium carbonate was added before steriliza¬ 
tion to eliminate the possibility of the production of acidity during the process 
of growth. The media was sterilized in the usual manner and then cooled 
before the organisms were transferred into it. Each flask was inoculated with 
1 cc. infusion of B. radicicola of garden pea. In order to limit the amount 
of oxygen in the media, some of the flasks were provided with rubber stoppers 
and sealed air-tight with melted paraffin, whereas other flasks were left with 
cotton plugs. The organisms were incubated at 26®C. and bacterial counts 
were made after 4, 7,11,15, 20, 23, 27, and 34 days. In order to prevent the 
introduction of oxygen into the media, separate flasks were used for each 
coimt; that is, after a sample for plating was taken, the bacterial infusion was 
discarded and new infusion was used for the next plating. Test for inoculation 
was also carried out at every plating. 


TABLE s 

The ejfect upon B, radicicola of calcium carbonate and tricalcium phosphate—Experiment 14 


CBEUICALS USED 

AMOUNT OF 

PLATINGS AETE& 

MEDIA 

Initial 

5 

days 

10 

days 

19 

days 

25 

da3^ 

32 

days 

Tiicalcium phosphate.| 


miUtom 

1.3 

1.4 



millions 

20 

21 

millions 

40 

30 

tmMons 

44 

33 

Caldum carbonate.| 


1 3 

1 4 

60 

70 

90 

80 

40 

40 

110 

100 

86 

98 


Experiment 14—The ejfcct of calcium carlonate and tricalcium phosphate 

Two 8-ounce bottles were filled each with 200 cc. of the media, and 2 with 
100 cc. To each of 2 bottles, one containing 100 cc. media and the other 200 
cc., iV gm. of tricalcium phosphate was added, while to each of the other 2 
bottles iV gm. of calcium carbonate was added. These chemicals were added 
to the liquid media before sterilization. After the media had been sterilized 
and cooled for a few days, B. radicicola organisms were transferred to it; the 
inoculation of the media was at the rate of 1 cc. of bacterial infusion to 100 cc. 
of sterile media. 

Discussion of results of experiments P, fO, 12,13, and 14 

In experiment 9 the coimt after immediately plating showed that each of 
the containers C, Cc, C', C'c, which is a dilution of 1 gallon, had approximately 
one-eighth as many organisms as in each of the containers A, Ac, A', and A'c, 
a dilution of 1 pint. Likewise, each of the containers B, Be, B', and B'c, of 
1-quart dilution, had approximately one-half as many as the pint dilution. 
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This result shows that the organisms were very well distributed in the liquid, 
and it also showed that the dilution in regard to the number of organisms in a 
given volume was approximately correct. 

After S days storage, the bacterial count varied, irrrespective of dilution, as 
for example the container A, a dilution of 1 pint, had 60 million per cubic 
centimeter, while the container C, a dilution of 1 gallon, had 29 million per 
cubic centimeter. If the rate of growth were the same in both cases A should 
have 232 million per cubic centimeter if C had 29 million per cubic centimeter, 
or C should have 7.5 million per cubic centimeter if A had 60 million per cubic 
centimeter. This would also be true in case of dilution B. However, B had 
108 million per cubic centimeter against 60 million of A. 

After 10 days, A had 68 million organisms per cubic centimeter, B had many 
millions, and C had 40 million per cubic centimeter. Ac had 84 million per 
cubic centimeter against 132 million of Be, while Cc had 40 million as against 
84 million of Ac. With respect to temperature, dilution in group A had given 
the following coimt: Container A with cotton plug stored in incubator had 
68 million organisms per cubic centimeter, Ac with rubber stopper stored in 
incubator had 80 million per cubic centimeter, A' with cotton plug stored in 
refrigerator had 149 million per cubic centimeter, and A'c with rubber stopper 
had 164 million per cubic centimeter. The same result was also obtained 
in the group C; however, this was not true in case of group B. 

The 30-day plating showed that in all cases, the number of organisms per 
cubic centimeter had decreased, with the exception of containers B' which had 
increased from 133 at 10 days to 169; however, it dropped when compared 
with 204 million per cubic centimeter at the 5-day plating; and container 
B'c had results similar to B'. The figures show that in aU cases, with the 
exception of the two containers mentioned above, the maximum amount of 
growth was reached between the tenth and thirtieth days and from that time 
the organisms began to die out, but the decrease was more significant in the 
A group than in the B or C group. Likewise, in all three groups, A, B, C, the 
organisms in the container stored in the incubator died faster than those in 
containers stored in the refrigerator. At the end of 142 days storage, the 
coxmt showed that the total organisms in each case had decreased to approxi¬ 
mately one-half the original number. 

After the ninety-fourth day plating, as it was thought that a supply of carbo¬ 
hydrate might stimulate growth, mannite, f gm. dissolved in 5 cc. of sterile 
distilled water, was added to each of the containers A, A'c, B, B'c, C, and C'c. 
Plating was made 12 days after, and the count showed that a considerable 
decrease had resulted, except in C', which increased from 17 to 24 million. 

The test for inoculation accompanying the immediate plating showed abun¬ 
dant nodule production in the A and B groups, but in the C group, the produc¬ 
tion was very much less. From the 5-day to the 70-day incubation, the nodules 
produced in all cases were very abundant, then the C group began to decrease 
after 94 days. 
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In order to ascertain that each colony counted in plates was a B. radicicola 
of garden pea, tests in m i l k, on potato, and for inoculation were conducted on 
a plate containing 11 colonies, plated from container A'c. A transfer from 
each colony growing in the plate was made to a tube of mannite agar slant 
where it was allowed to grow for 2 weeks before testing. In 11 tubes of sterile 
milk after 16 days there was a growth which was typical of B. radicicola of 
garden pea when grown in milk, as described by Lohnis and Hansen (1). 
The test in potato also verified the organism as B. radicicola of garden pea. 
When the content of each of the 11 tubes was used for inoculation, nodule 
production was obtained. 

In experiment 10, it was found that mannite media was more favorable for 
the growth of B. radicicola than cane sugar media. However, no material differ¬ 
ence was noticed between solid and liquid media. These results were verified by 
the inoculation test. 

The results of experiment 12 show that organisms had multiplied more in 
the bottles which were shaken than those in the imshaken bottles. The 
difference was not noticed in the early plating, but at the 24- and the 30-day 
platings, the shaken bottles of both volumes contained almost four times as 
many bacteria per cubic centimeter as the unshaken bottles of corresponding 
volume. It was also noticed that in both cases, shaken or unshaken, the vol¬ 
umes of greater depth had given fewer bacteria per cubic centimeter than the 
volumes of less depth. This result showed without question that oxygen was 
the cause of the depression of growth. As in the case of the shaken bottles, 
oxygen was supplied more or less in proportion to the demand of the organisms, 
but this method of supplying was not highly efficient in the case of greater 
depth, because for instance, in the 200 cubic centimeter of media the stirring 
was not as thorough as in 100 cc. Besides, the rate of diffusion of air was 
slower in the greater depth than in the lesser depth, because of greater back¬ 
ward pressure of the liquid. In other words, the amounts of oxygen intro¬ 
duced by stirring and by diffusing were not enough either for reproduction 
or for protection against any toxic products developed as the result of the 
activity of the organism during the life process. 

No difference in nodule production was observed between the two conditions 
under which the B. radicicola of garden pea was grown; this was due to the 
fact that more than enough organisms were present to produce abundant 
nodules for the plant. 

Results obtained from experiment 13 showed that the organisms with a 
limited amount of oxygen decreased from 15 million to 2 million per cubic 
centimeter within 4 days, whereas those with excess oxygen had almost doubled 
in number in the same length of time. The organisms with excess oxygen 
continued to increase up to 170 million, whereas those grown in a limited 
amount of oxygen had decreased very considerably, to as low as 5,000 per 
cubic centimeter. This result was verified by the nodule production test. 

It was found in experiment 14 that calcium carbonate was very much more 
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favorable for the multiplication of B, radicicola of garden pea than was trical* 
cium phosphate. However, the difference was not noticed until after 19 days 
growth in the media. The highest number in either 100 cc. or 200 cc. ever 
reached by the organisms grown in media containing tiicalcium phosphate was 
90 million per cubic centimeter. This occurred at the 10-day plating, and 
from that time on, the number began to decrease. But on the other hand, the 
organisms grown in media containing calcium carbonate reached 110 million 
and 100 million per cubic centimeter in 100 cc. and 200 cc. respectively. This 
Tna.YiTmim growth occurred at a later stage of the growing period, 2S days after 
inoculation. In all cases, either in media containing tiicalcium phosphate or 
ra l rin m carbonate, the 100-cc. volumes gave higher results on the average. 
This difference, however, did not begin to show up until the 10-day plating. 
At the 5-day plating, the result was reversed, the 200-cc. volumes having more 
bacteria per cubic centimeter than the 100-cc. volumes. 

PART IV—THERMAL DEATH POINT IN SOIL AND ON ARTEFICIAL MEDIA 
Methods employed 

The tubes were made as follows with 6 mm. of soft glass tubing: One-third 
of a 1-foot length, was heated over a blue flame’, drawn to a capillary size and 
bent in U-shape with a capillary stem one-third as long as the larger stem. The 
ends were sealed by heating them over a blue flame, thereby creating a sterile 
vacuum inside of the tube. Just before using, the end of the larger stem was 
cut off with a heated three-cornered file. The cut end was heated over a 
flame and a cotton plug was inserted while it was hot. 

One cubic centimeter of an infusion containing organisms was delivered 
with a sterile 1-cc, pipette into the tube through its larger stem, by removing 
the cotton plug, which was returned as soon as possible. The tip of the cap¬ 
illary stem was broken off with heated pincers, thereby allowing the infusion 
to flow as far down in the tube as desired, when the tip was again sealed. The 
tube containing the infusion was attached to a standard thermometer immersed 
in sterile tap water in an Erlenmeyer flask. The water was constantly stirred 
with a stirring rod in order to keep the temperature uniform throughout the 
entire volume. The temperature was lowered by the application of ground 
ice, and raised by the application of a direct flame at the bottom of the flask. 
In all cases, the immersed tube was held in water for 10 minutes at every tem¬ 
perature, 0,10,20,30, 40, 50, 60, and 70®C. The contents of the tube were 
removed either by breaking the capillary end or by removing the cotton plug 
from the larger stem. In case of soil, no special apparatus was used in trans¬ 
ferring it to the capillary tube; however, all the necessary precautions were 
used in order to avoid any possible contaminations. 

Experimeni 15—Thermal death point of nodtde bacteria^ B. radiobacter and Azoto- 

hacter chroococcum 

The results as reported in table 6 show that Bacillus radiobacter and Azoto- 
hacter chroococcum were alive at 50®C. for 10 minutes e:qx)sure, but all died at a 
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60®C. exposure for 10 minutes. Bacillus radicicola of garden pea and of sweet 
closer and Ps. radicicola of cowpea were aKve at 40°C. for 10 minutes exposure, 
but all died at a S0°C. exposure for 10 minutes. Zipfel (2) reported that the 
thermal death point of B. radicicola was 60°C. to 62®C. for S minutes exposure. 

After having found the thermal death point of the organisms, the percentage 
dead or alive Ut the highest temperature at which they were found to live was 
determined. The determination was madein two ways: one was by diluting 
the treated infusion to the dilutions desired and plating out from them, and 
the other by diluting the untreated infusion and transferring from each dilution 
1 cc. to the capillary tube, where it was subjected to the temperature desired. 

The platings made from dilutions of treated infusion of B. radicicola of 
garden pea, showed that after being held at 46®C. for 10 minutes, only approxi- 


TABLE 6 

Thermal death point of nodule bacteria, B. radiohacter, and Azotobacter chroococcum in infusion — 

Experiment 15 



mately 4.5 per cent out of 100,000,000 bacteria were alive, and at 47°C. for 
10 minutes, only approximately 0.04 per cent were alive. The platings made 
from infusion in the second determination showed that Bacillus radicicola all 
died at 46®C. for 10 minutes exposure. 

Experiment 16—The effect of different Muds of soil upon the thermal death point 

of legume organisms 

In this experiment peat and brown silt loam were used. Portions of 10 gm. 
of each were carefully crushed up to free them from coarse particles and then 
placed in 40-cc. Erlenmeyer flasks with cotton plugs. After the flasks were 
sterilized and cooled for a few da.ys^ B. radicicola infusion of 10 days growth in 
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mannite agar, was transferred into them. The inoculation of these soils was 
at the rate of 1 cc. infusion to 10 gm. of sterile soil. The first thermal death 
point determination on B, radicicola in soil was made after 3 days and the 
second after 6 days. After the second determination, the soils were stored in 
the laboratory drawer and 6 months later they were used to inoculate sterile 

TABLE 7 


Number cf orga, 2 isms surv'ving at temperatures near the thermal death point—Experment 15 


TIME OF 
zaniERSioK 

TEMPE&AXnaE 

PLATE* 

NITl^EBER OF 
COLONIES 

BACTERIA ALIVE 

minutes 

*c. 

i 




Plating from dilution of treated infusion of B. radicicola of garden pea 


10 

46 

A 

Many 

Many ] 


10 

10 

46 

46 

B 

C 

Many 

50 

Many 

5 million 

► 4.5 per cent 

10 

46 

D 

4 

4 million J 


None 

Unheated 

A 

Many 

Many 


None 

Unheated 

B 

Many 

Many 


None 

Unheated 

C 

Many 

Many 


None 

Unheated 

D 

100 

100 million 


10 

47 

A 

2^Iany 

Many | 


10 

47 

B 

4 

40,000 1 

► 0.04 per cent 

10 

47 

C 

None 

None 

10 

47 

D 

None 

None 



Plating from treated dilution of infusion cf radicicola of garden pea 


mmmm 

Unheated 

1 

A 


Many 


Unheated 

B 


Many 


Unheated 

C 


Many 


Unheated 



100 million 

10 

46 




10 

46 

B 



10 

46 

C 

None 


10 

46 

D 

None 



*DautionA= 1-1,000. 

Dilution B = 1-10,000. 

DautionC== 1-100,000. 

DfiutionD— 1-1,000,000. 

seeds. The inoculation was at the rate of 1 gm. of soil to 14 gm. of seed. In 
order to determine further whether the organisms in the soils were totally dead, 
the rem a i n i ng soils of each kind were used to inoculate 5 seeds. These treated 
soils were tested for acidity with Richorpoor solution. 

Both determinations showed that B, radicicola of garden pea were alive in 
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peat after being subjected to S0®C. for 10 minutes. In the second determina¬ 
tion, when the inoculated soils were 6 days old, the organisms in brown silt 
loam were totally dead. In peat, the number of bacteria decreased very con¬ 
siderably. A test at this time indicated that the brown silt loam was acid 
whereas the peat was not. 

The nodule production test showed that the nodule bacteria of garden pea 
were alive after seven months in peat and were able to produce nodules, but 
nodules were absent as the result of inoculation with the brown sUt loam. This 
was noticed in six- and in seven-month inoculations. 


TABLE 8 

The effect of different khids of soils upon the thermal death point of B. radic'cola of garden pea 


sous 

TIME OF 

TEMPER¬ 

ATURE 

EACTERTA 

AlIVE 

ACIDITY 

TEST FOR NODULE PRODUCTION 

SION 

Af ttf 6 months 

After 7 months 


minutes 

“C. 






First deterimnaiio7t (1 gm, soil) 


Original infusion. 

Mannite. 

Peat.1 

Brown silt loam.| 

None 

10 

None 

10 

None 

10 

Room 

SO 

Room 

SO 

Room 

50 

Many 

None 

114,000,000 

450,000 

16,000,000 

None 

None 

None 

None 

None 

Add 

Add 

Abundant 

nodule 

production 

None 

None 

Several no¬ 
dules were 
found 

None 

None 

Second determination {1 gm, soil) 

f 

None 



None 



Peat.J 

■a 

46 

800,000 




1 

H 

so 






None 

Room 

None 

Add 



Brown silt loam. 

■a 

46 

None 





n 

so 

None 





Experiment 17—The effect of calcium carbonate when present in soU upon the 
thermal death point of nodule bacteria 

This experiment was conducted with the view of obtaining definite data with 
regard to soil acidity as affecting the thermal death point of nodule bacteria. 

Acid brown silt loam soil was used. To 2000 gm. of soil, 2 gm. of potassium 
phosphate was added and then thoroughly mixed. This amount was divided 
into two equal portions to one of which 1 gm. of calcium carbonate was added 
and thoroughly mixed. Each lot of soil was inoculated with one-half bottle 
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infusions each of pea, cowpea, soybean, and sweet clover bacteria. After 
inoculation, the soil was put aside and 9 days later the thermal death point 
was determined. This soil was then used for inoculation on the basis of 1 
gm. of soil to 14 gm. of seed. It was stored in bags and kept in the laboratory, 
and after 5 months it was used for inoculation without being heated. 

In all cases, abundant nodule production was obtained from inoculated soil 
with carbonate heated to 40°C., and S0®C. for 10 minutes, but no nodules were 
produced from soil with potassium phosphate and no carbonate. Even with 
the unlimed inoculated soil which was not subjected to heat, nodules were not 


TABLE 9 

The eject of calcium carbonaie in soil upon the thermal death point of nodule bacteria 
Heated soil used for moculation 


TREATUBKTS 

ORGAinSMS 

TDCB 

TBUFEK- 

ATI]S.£ 

NUMBER 

OP 

PLANTS 

PLANTS 

WITH 

NODULES 

XrOUBER OF 
NODULES 

Lime -|- inoculated soil. 

Garden pea 

minuUs 

None 

*C. 

Room 

7 

7 

Many 

Lime + inoculated soil. 

Garden pea 

10 

40 


6 

Several 

Lime -h inoculated soil. 

Garden pea 

10 

50 

6 

6 

Several 

Inoculated soil. 

Garden pea 

None 

Room 

6 

None 

None 

Inoculated soil. 

Garden pea 

10 

SO 

6 

None 

None 

Lime + inoculated soil. 

Cowpea 

None 

Room 

5 

5 

Several 

lime + inoculated soil. 

Cowpea 

10 

40 

3 

3 

Several 

Inoculated soil. 

Cowpea 

None 

Room 

2 

None 

None 

Inoculated soil. 

Cowpea 

10 

40 

4 

1 

1 nodule 

lime -f- inoculated soil. 

Soybean 

None 

Room 

6 

2 

Several 

lime + inoculated soil. 

Soybean 

10 

40 

4 

4 

Several 

Lime + inoculated soil. 

Soybean 

10 

50 

6 

6 

Several 

Inoculated soil. 

Soybean 

None 

Room 

6 

2 

2 nodules 

Inoculated soil. 

Soybean 

10 

40 

6 

2 

2 nodules 

lime -h inoculated soil. 

i Sweet clover 

10 

40 

6 

6 

Many 

lime + inoculated soil. 

Sweet clover 

10 

50 

6 

6 

Many 

Inoculated soil. 

1 

Sweet clover.., 

10 

40 

6 

None 

None 


found on any plant inoculated, with the exception of cowpea and soybean 
orga n is m s where one and two nodules were found on each plant. This ex¬ 
plains the acid resistance of these two organisms. 

The S-months inoculation test, with treated soil not heated, gave the same 
result as indicated above. 

Experiment 18—The ejject of soil acidity upon the infecting pcmer of B. radicicola 

of garden pea 

The first part of this experiment was to determine the effect of acid soil 
upon nodule production, and the second part was to determine the effect of 
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neutralizing soil acidity upon the nodule production. Three conditions were 
established as follows: (a) A bacterial infusion of B, radicicola of garden pea 
was applied directly to an acid soil, mixed thoroughly and set aside. The next 
day the non-inoculated seeds were planted in it. (6) A non-acid soil was 
inoculated with bacterial infusion of B. radicicola of garden pea, and applied 
the next day to an acid soil on the basis of 400 pounds of inoculated sod for 
each acre. Non-inoculated seeds were planted the next day. {c) Sterile 
seeds were inoculated with the bacterial infusion of B. radicicola of garden 
pea, and the next day these inoculated seeds were planted in an acid soil. 

In the second part, the soils were treated with calcium carbonate until the 
acidity was completely neutralized; no definite amount of carbonate was used. 
These neutralized soils were moistened to about 25 to 30 per cent moisture and 
then thoroughly mixed. After 2 days storage, during which the moisture 
content was not materially reduced, they were used as described under the 
first part. 

The soils used were gray silt loam on tight clay, for the first part, gray silt 
loam on tight clay and brown silt loam for the second part. Both soils were 
acid although the brown silt loam was not so acid as the gray. 

In order to test the infecting power of the organisms used, inoculated seeds 
were planted in sterile sand under controlled conditions. 

In all cases, pint jars were used, each containing 5 seeds, and the plants were 
allowed to grow for 25 days before nodule examinations were made. 

In the first part nodules were absent on all the plants. Not one of the 
38 plants grown showed normal growth and gradually died after 20 days. 
They were washed for nodule examination, however, before they died. The 
6 plants in the second part of the experiment that were inoculated from the 
same bacterial infusion, and then planted in sterile sand, had plenty of nodules, 
indicating that the infusion used was a nodule producer. The result of the 
second part showed that under all conditions, all plants in the treated brown 
silt loam possessed nodules, whereas the plants in the treated gray silt loam 
on tight clay produced no nodules. The plants in the brown silt loam also 
looked healthier. 

PART V“-™e life cycle OF VARIOUS NODULE BACTERIA AS INFLUENCED BY 
CALCIUM CARBONATE, CALCIUM PHOSPHATE, CERTAIN COSLORIDES 

AND ACIDS 

The purpose of this study was to determine the influence of various chemicals 
on the forms of nodule bacteria, and to determine whether the chemicals used 
tend to encourage or to inhibit the development of the infective form of the 
organisms. 

Some suggestive work has already been conducted by Bewley and Hutchin¬ 
son, Ldhnis, Ldhnis and Smith, Buirill and Hansen, and Whiting and Hansen 
on stages in the life cycle of nodule bacteria. 
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This Study is concerned with the influence of calcium carbonate and calcium 
phosphate on the forms of the organisms. In acid soils the organism comes 
into direct contact ^ith the acid salts. The second part of this work is so 
planned as to study whether it is the true acidity, the total acidity, the toxic 
effect of the salts applied, or the absence of calcium in the form of the carbo¬ 
nate and bicarbonate that is most injurious to the growth of the organisms. 

Methods employed 

The nodule bacteria used were garden pea, red clover, and soybean. These 
cultures were kept pure during the progress of the work. 

Mannite media was used in all experiments. In all the media prepared, 
excepting the normal one, carbonate was entirely eliminated; however, cal¬ 
cium Tv-as supplied in the form of calcium sulfate. Twenty-five cubic centi¬ 
meters of the prepared media was placed in each of the SO-cc. Erlenmeyer 
flasks, and the particular element or compound to be added was computed on 
that volume in per cent for bases and pH values for acids. The acid was 
sterilized and added to the sterile media. The calcium carbonate and tri¬ 
calcium phosphate were added to the media before sterilization. In order to 
obtain an even distribution of the chemical added, the media were constantly 
shaken while solidiE>ing. One loopful of bacterial infusion was transferred to 
each flask and then incubated at 26° to 28°C. At frequent intervals micro¬ 
scopic examinations were made from which detailed drawings of many indi¬ 
vidual organisms are shown in plate 1. 

Considerable difficulty was experienced in preparing the slides for staining. 
The best procedure found was as follows: A sample from the margin of growth 
was obtained with the point of a platinum needle. This sample was diluted 
three times with a drop of sterile water at each dilution, being constantly 
mixed during the process. After a third dilution, the slime had been satisfac¬ 
torily separated and a loopful of this diluted sample was spread very thinly on 
the slide and allowed to dry without the application of any artificial heat, after 
which, carbol-fuchsin stain of very weak dilution (5 cc. of saturated alcoholic 
fuchsin solution to 45 cc. of 5 per cent carbolic acid solution) was applied and 
allowed to remain for one minute. Other stains were tried but unsatisfactor}" 
results were obtained. To overcome the difficulty with slime, different organic 
and inorganic solvents, such as dilute alcohol, ether, acids, and physiological 
salt solutions, were tried but were found ineffective. The stain was then 
washed in the usual manner. Micro-photographs and drawings were made of 
representative stains. 

Experiment IP —The effect of calcium carbonate 

The organisms were grown in media free from carbonate and also in media 
containing 0.S per cent of calcium carbonate. It was observed that garden 
pea and red clover organisms showed a vigorous growth in carbonated media, 
but a poor growth in non-carbonated media where they died within a month. 
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Soybean organisms grew equally well in both media for about a month, then 
the organisms in the non-carbonated media stopped growing and finally died 
out. 

Microscopic examination showed that garden pea organisms grown in non- 
carbonated media were large, rod-shaped, possessed of a thick cell wall, and 
contained two or more very defined bands. The average size was 4.03/t 
long and 1.20jLt wide, and the longest observed was 5.64/4 long. Those organ¬ 
isms grown in carbonated media were very and irregular in shape, the 
cell wall was very thin, single polar individuals predominated, and the whole 
body did not stain freely. Branched forms were noticed. The average size 
was 1.6/4 long and 0.8/4 wide. 

Red clover bacteria grown in non-carbonated media exhibited the same form 
and characteristics as those of garden pea grown in the same kind of media, 
with the exception that banded individuals were not found among the red 
clover organisms, but instead granules throughout the body were observed. 
The average size "was 4.03/4 long and 1.2/4 wide. The longest observed was 
6.44/4 and the shortest was 1.61/4. In the carbonated media, the organisms 
were very small, irregular in shape, highly vacuolated, with a branched form 
predominating. Polar and granulated bodies w^ere also present, and extremely 
thin cell 'wall "was observed without exception. 

In non-carbonated media, the soybean bacteria were small rods stain i ng 
polar. The average size was 2.41/4 long and 0.4/4 wide and the longest was 
4.8/4. The organisms gro-wn in carbonated media usually possessed three 
segments, but it wras not imcommon to find five or six segments. 

Two forms were observed regularly, one with a small round or oblong body 
half of which was heavily stained, and the other, long and segmented. The 
average size of the indi-viduals belonging to the first form -was 0.4 to 0.5/4 long 
and 0.3/4 -wide, and for the other was 5/4 long and 0.3/4 wide. The longest was 
8/4 and the shortest was 3.4/4. 

When these three kinds of nodule bacteria were grown reciprocally, that is, 
the organisms in carbonated media were transferred to the non-carbonated 
and those from the non-carbonated were transferred to carbonated, their form 
changed in accordance with the description above. 

Experiment 20—The effect of tricalcium and acid phosphates 

In this experiment, the amount of tricaldum phosphate was the same as 
that of carbonate. But the amount of add phosphate applied was computed 
so as to have an initial addity of pH 5.2 with 25 cc. media used. This pH *was 
established for aU organisms concerned in this experiment. 

It was found that garden pea and red dover organisms grown in non- 
phosphated media were large and very much like those gro'wn in non- 
carbonated media. Soybean bacteria in non-phosphated media were extremdy 
long but showed no change in diameter. The average size was 6.4/t long and 
0.4/4 wide. The longest were lO/t and mostly single polar organisms, but twos 
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were occasionally found. The tricalcimn and acid phosphate had approxi^ 
matdy the same effect upon the form of garden pea and red clover. Tricaldum 
media had a tendency to produce a branched form, although with both media 
the formation of round bodies resulted among garden pea and red clover 
bacteria. These forms may seem to resemble the shape of the first and second 
stages proposed by Bewley and Hutchinson. With soybean organisms, the 
acid phosphate media encouraged the formation of long segmented rods and a 
few oblong organisms. The tricaldum phosphate brought about the forma¬ 
tion among the soybeans of oblong bodies very much enlarged at the poles, 
constituting over a half of the entire body. Long rods were not found in this 
experiment. 

Experiment Z1—The effect of aluminum cMoride, and hydrochloric, acetic, nitric, 

and sulfuric acids 

The media were addrfied by the different adds mentioned and different pH 
values were established for each kind of organism; pH 5.2 for garden pea 
and red dover bacteria, and pH 4.5 for soybean bacteria. The pH values were 
adjusted colorimetrically. 

The results showed that aluminum chloride and hydrochloric add had a 
similar effect upon the form of garden pea, red dover, and soybean bacteria. 
The garden pea organisms were dub-shaped with very well defined and heavy 
banding; the red dover were irregular rod-shaped with thin cell walls, but 
mdosed in each was a mass of more condensed matter running lengthwise 
from end to end. Soybean organisms were long and segmented. 

Acetic add had a very striking effect upon the form of nodule bacteria, 
espedally of garden peas and red dover. The organisms were flat with very 
thin cell walls, and with two or three branches. Three-cornered individuals 
had three poles; four-cornered indidduals had four poles, etc. The width was 
almost the same as the length. This shape wa.s found commonly. The soy¬ 
bean bacteria here were also long segmented rods with sometimes a branched 
form. The longest observed was 16/i. 

The effect of nitric and sulfuric adds upon the form of garden pea and red 
dover bacteria was the same as that of aluminum chloride and hydrochloric 
add. Segmentation was not very common among the soybean organisms. It 
was found that the bodies were banded with thread-like substances, interwoven 
with dots. In general, the organisms were large in case of garden pea and red 
dover, and were long in case of soybean. 

SUMMARY 

It was found that the rate of multiplication was greater in high dilution than 
in low dilution, that is, more bacteria were produced in the gallon dilution than 
in the pint dilution. It was also noticed that B. radicicola of garden pea lived 
long in solution (142 days). 

Oxygen was a limiting factor during the growth of nodule bacteria in solu- 
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tion. Shaking the bottles or containers in which the organisms were growing 
helped to introduce some oxj^gen and gave increased growth. 

Calcium carbonate added in media, stimulated growth of B. radicicola 
better than tricalcium phosphate. 

The heat resistance of B. radicicola of garden pea and sweet clover, and 
Ps. radicicola of cowpea and soybean was lower than the heat resistance of 
jB. radiobacter and Azotohaier chroococcim. The legume organisms were 
killed at 50®C. for 10 minutes exposure, whereas B. radiobacter and Azotobacier 
ckroococcum were alive at S0°C. for 10 minutes exposure. 

The solution in which the organisms were suspended had an influence on 
the heat penetration: the denser the solution, the slower the heat penetrated, 
and the thinner the solution, the faster the heat penetrated. 

Peat maintained the life of nodule bacteria at a much higher temperature 
than brown silt loam. Acid soil decreased the thermal death point of legume 
organisms, and the organisms died in such soil after a short period of 
storage. The addition of calcium carbonate increased the thermal death 
point and the keeping quality of legume organisms. 

Abnormal media encouraged changes in the forms of nodule bacteria. The 
normal bacteria were smaller than the bacteroids. 

The absence of»phosphate or carbonate in the media resulted in the forma¬ 
tion of bacteroids. The presence of tiicalcium or acid phosphate in the non- 
carbonated media, did not stimulate the production of active forms. 

Aluminum chloride and hydrochloric acid had like effects on the form 
of legume bacteria. 

The presence of acetic, nitric, and sulfuric acids in media changed the legume 
bacteria into bacteroids and each of these acids affected the form of the organ¬ 
isms specifically. 
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PLATE I 

Enlarged from actual size. Magnification X 950. (Carbol-fucHsin stain.) 
Figs. 1,2 and 3. Gzo^ n in media without calcium carbonate. 

Figs. 4,5 and 6. Grown in media with calcium carbonate. 

Figs. 7,8 and 9. Grown in media without phosphorus. 

Figs. 10,11 and 12. Grown in media with add phosphate. 

Figs. 13,14 and 15. Grown in media with tricaldum phosphate. 

Figs. 16,17 ai^ 18. Grown in media with aluminum chloride. 

Figs, 19,20 and 21. Grown in media with hydrochloric add. 

Figs. 22,23 and 24. Grown in media with acetic add. 

Figs. 25,26 and 27. Grown in media with nitric add. 

Figs. 28,29 and 30. Grown in media with sulfuric add. 
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PLATK 2 
G\rden Pi V 

Stained with carhol-fuchsin. Alagnification X 950 


\TABILITy OF NODULE B\CTERL\ UI IV V 

M4RCOS 'lOSDrjVR VLICXNTE 


PLATE 2 
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HCI AljQe HNO, HjSOi CjHA 



Red Clover 

Stained with carbol fuchsin. Magnification X 950 


VIABILITY OF NQDULE BACTERIA IH, IV, V 

UARCOS MONDEJ4P ALTC\NTE 


PLATE 3 
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PLATE 4 
SOYBLAN 

Sluinecl with cailKil-fuclisiii. Magnifu aticm X 050 


VIABILITY or XOLLLE ' VCTLRl \ III IV, V 

MVTCOS MICA’ffTE 


PLATE 4 
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THE INFLUENCE OF AVAILABLE NITROGEN ON THE FER- 
IdENTATION OF CELLULOSE IN THE SOIL» 

J. ARLINGTON ANDERSON* 

Central Swedish AgriciiUural Experiment Station 
Received for pTiblicatbn August 20,1025 
PART I 

Introduction 

The presence of nitrogenous compounds which can be utilized by plants 
usually determines more than any other factor the success of a crop. Any 
conditions, therefore, which deal with available nitrogenous compounds and 
the processes by which they are produced or rendered unavailable are of great 
practical importance. That the addition of organic material of high carbohy¬ 
drate content, such as plant residues, to soils is accompanied by a reduction 
of the available soil nitrogen—nitrates in particular—has been known since 
the days of Mulder (12). Various drcumstances surrounding this loss of 
nitrates and the process of nitrate formation have long been subjects of re¬ 
search, but imtil a suitable method for determining cellulose in soils was de¬ 
veloped it was quite impossible to determine in a quantitative way the influence 
of nitrogen on the cellulose, or carbohydrate, decomposition, as only the nitro¬ 
gen could be determined, which gave us but a partial insight into the biolog¬ 
ical processes concerned. It is thought that the esperiments herein described 
will be an aid to the understanding of the interrdation between the two proc¬ 
esses of carbohydrate decomposition and of nitrate formation. 

A review of the literature dealing with the influence of organic compounds 
on the loss of nitrates in the soil is unnecessary here. It is desirable, however, 
to summarize the chief deductions from certain researches that are intimately 
connected with the results obtained from the esperiments described in this 
paper. 

In a paper published in 1920 Charpentier (4) described a method for the quantitative de- 
tennination of cellulose in soils, and in a later paper (5) called attention to the increased rate 
of cellulose decomposition where manure had been added to the soil. Barthel and Bengtsson 

^ This paper has been published in Swedish as a bulletin from the Central Swedish Agri¬ 
cultural Experiment Station, but because of the inaccessibility of the original to most of the 
workers in English speaking countries, its En^^ish tEanslation is presented in Soil Science. 

* The author wishes to thank Professor Chr. Barthel and Assistants Bengtsson, Sandberg, 
and BjSlfve for their ^lendid codperation and kindness during the period he studied as a 
Fdlow in the former’s laboratory. 
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(2) improved on the method which Charpentier had worked out in the former^s laboratory. 
They studied the influence of ammonium salts, of nitrates, and of stable manure on the course 
of the cellulose fermentation and showed that the increased rate of fermentation which 
Charpentier had observed was due to the available nitrogen present in the manure, and not 
to the bacteria, as sterilized and unsterilized manures of like ammonia content were equally 
efLcient in bringing about this decomposition. In papers published subsequent to the com¬ 
mencement of the experiments herein described, Fred and Viljoen fS), SSderbaum and Bar- 
thel (IS), Waksman and Heukelekian (IS), and Waksman and Starkey (16) have also drawn 
attention to certain relations existing between the presence of cellulose in the soil and its 
fertility as influenced by its available nitrogen content. Fred and Viljoen by nitrification 
and pot e:q)eriments studied the cause of poor crop yields on newly cleared land where much 
undergrowth had been plowed under in the clearing process. They came to the conclusion 
that the poor yields were caused by a lack of nitrates in the soil due to the cellulose decom¬ 
position, and not to toxic materials in the plants plowed under. Sdderbaum and Barthel in 
a series of nitrification and pot experiments with oats showed that the addition of sawdust 
to soil caused a loss of nitrates during the cellubse fermentation and a corresponding inhibi¬ 
tion of vegetation. These conditions continued until the cellulose was destroyed and nitrates 
were again available for the plants. They found that by the addition of sufficient amounts of 
sodium nitrate to soil containing sawdust the injurious effects accompanying the cellulose 
fermentation could be overcome, Waksman and Heukelekian studied the rate of cellulose 
decomposition in different soils with and without the addition of nitrate nitrogen and deter¬ 
mined the number of fungi, bacteria, and actinomycetes present. They found that the number 
of organisms increased very greatly during the cellulose fermentation, and concluded that 
the decomposition of cellulose can be added to the group of methods used for carrying out a 
microbiological anal 3 rsis of a soil. Waksman and Starkey determined the effect of various 
organic materials on the numbers of microfirganisms in the soil. They found that dextrose, 
cellulose, rye straw, alfalfa meal, and dried blood greatly increased the number of micro¬ 
organisms, but that certain substances favored the increase in number of a certain group, or 
groups, of microbrganisms and that other substances increased the number in all groups. 

Methods 

In these experiments 1 or 1| per cent of ceUnlose in the form of very jSndy 
divided Munktell filter paper number 10 was added to 200 gm. of heavy day 
loam soil. After a thorough mixing the soil was placed in wide-mouthed glass 
bottles. The various amounts of nitrogen employed were added in the form 
of an ammonium sulfate or sodium nitrate solution, the same solution being 
used in experiments 1 and 2. Water was then added to bring the moisture 
content to its optimum, or 18 per cent. The flasks, after a thorough mixing, 
which was deferred until the following day for the purpose of obtaining a good 
soil structure, were stoppered with paraffined cork stoppers provided with 
short glass tubes containing cotton plugs. The latter permitted a certain 
amount of aeration with very little change of moisture content. After the 
desired period of incubation at 18®C., analyses were made for cellulose, for 
nitrates, and in some instances, for ammonia. 

The cellulose determinations were made according to the method worked 
out in this laboratory by Charpentier and subsequently modified somewhat by 
Barthel and Bengtsson (2). 

The nitrate determinations were made by the usual phenol disulfonic acid 
method. 
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Ajnmoma was determined in experiment 2 by extracting it from the soil 
with the aid of a potassium chloride solution, as suggested by Bengtsson (3) 
and Harper (10). The solution was then made alkaline and the ammonia 
distilled into tenth normal sulfuric acid and determined by Nesslerization, a 
colorimeter as recommended by Folin (6, 7), being used. 

All values, with the exception of a few nitrate and ammonia values, are the 
average of two closely agreeing analyses, the two results being from different 
bottles containing soils that received the same treatment, and are not duplicate 
analyses of the contents of one bottle. 

TABLE 1 


The rate of ceUtdose fermentation and accompanying demtrificalion in the presence of increasing 

amounts of nitrogen 


SAMPLE 

HXTROGEM 

ADDED 

CELLULOSE 
FERMENTED IN 

NXIKATS NIXaOOSN* 

AMMONIA* 

42 days 

SSACIIOK 

42 days 

17 da3rs 

24 days 

42 days 

Start 

24 days 

42 days 



percent 

percent 

percent 

: mgm. 

mgm. 

mgm. 

mgm. 

ps 

Check 


20.7 

20.3 

18.7 

8.6 

0 

0 

0 

7.4 

1 


41.0 

42.0 

45.9 

8.6 

0 

0 

0 

7.1 

2 


54.0 

59.6 

63.1 

8.6 

0 

i 0 

0 

6.8 

3 

11.7 

63.0 

70.5 

81.3 

8.6 

0 

0 

0 

6.4 

4 

15.6 

68.1 

83,9 

87.0 

8.6 

0 

Trace 

0 

6.3 

5 


71.4 

84,0 

90.0 

8.6 

0 

8.3 

Trace 

6.3 

6 


76.2 

91.3 

92.9 

8.6 

8.4 

23.0 

+ 

6.2 

7 

27.3 

74.2 

84.5 

92.9 

8.6 

17.3 

41.1 

++ 

6.2 

8 

31.2 

70.1 

87.9 

92.4 

8.6 

18.6 

96.4 


6.1 

9 

3S.1 

73.7 

87.7 

96.8 

8.6 

21,9 

105.0 


6,0 

10 

39.0 

74.3 

85.3 

92.5 

8.6 

23.0 

95.2 

_L. >L. _L-U 

6.0 


♦per kgm, diy soil. 


Experimental 

In experiment 1 ammonium sulfate was added to 200 gm. of soil in quantities 
increasing from one to ten times the amount of ammonia added in a 2 per cent 
application of stable manure. The ammonia nitrogen present in a certain well 
decomposed manure was found to be 0.194 per cent. This value was used in 
calculating the quantities of ammonium sulfate to be added. The control 
bottles contained the same amounts of soil, cellulose, and moisture, but received 
no ammonium sulfate, the only nitrogen present being that in the original soil. 
Analyses for cellulose were made after the bottles had been standing 17, 24, 
and 42 days at 18®C. Nitrates were determined after 24 and 42 days. The 
results are shown in table 1, in which the cellulose fermented is given in per 
cent of the cellulose added. The data axe expressed graphically in figure 1, 
the lower curve indicating the ratio between nitrogen and cdlulose fermented 
after 24 days. 

After the first anal 3 rses had been made in experiment 1 it was noted that the 
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sulfuric add formed by the removal of ammonia from the ammonium sulfate 
was suffident to alter considerably the reactions of the soils in the various 
bottles. Since the fermentation of cellulose is a process which may be par- 
tidpated in by different groups of organisms, such as bacteria, actinomycetes, 
and molds, it was desired that all soils should be at the same hydrogen-ion 
concentration so that the fermentations in the different bottles would be 
brought about by the same groups of organisms. In experiment 1 it was noted 
that the mold growth increased with increasing amounts of ammonium sulfate 
and with the accompanying increase of addity. Experiment 2 was therefore 


Cellulose 

mint- 



Fio. 1. The Rate or Cellulose Feshentation in the Presence or Increasing 
Amounts or Nitrogen 

The three upper curves indicate the amounts of cellulose fermented at various nitrogen 
after 17, 24, and 42 days respectively. The lower curve shows the ratio of nitrogen to cel¬ 
lulose fermented after 24 days. 

conducted with conditions much the same as in experiment 1, but instead of 
200 gm. of soil, 198 gm. of soil and 2 gm. of caldum carbonate were used, the 
latter maintaining a constant reaction of pH 7.3. The amount of cellidose 
was increased to 1J per cent. The results of eaqpeiiment 2 are given in table 2 
and axe shown graphically in figure 2. In this experiment as in the previous 
one, the mold content increased with increasing amounts of ammonium sul¬ 
fate, as might be expected, although the reaction remained constant 
The results of these two experiments indicate that the fermentation of cel¬ 
lulose proceeds with great rapidity in the presence of ammonia or of nitrate 
nitrogen, the rate of decomposition being dependent upon the relative con¬ 
centrations of nitrogen and cellulose. The amount of cellulose decomposed 
per milli gram of nitrogen is not constant but varies inversely with the available 
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nitrogen present in the soil. The ratios of nitrogen utilized to cdlulose fer¬ 
mented, as found in the experiments herein described, are given in table 3, 

TABLE 2 


The raie of cdlidose fmnentation and accompanying denitrification in the presence of increasing 

amoufUs of nitrogen*' 


SAICPXS 

KIXRO- 

OSET 

ADDED 

CELLULOSE 

FER3£EKTBOIN 

KXX2ATB NITKOGENt 

AJOCONIA NITRO- 
GEKt 

todays 

30 days 










mgm. 

percent 

percent 

percent 

mgm. 

mgm. 

n^m. 

mgm. 

mgm. 


mgm. 

Control 

0 

14.6 

18.8 

22.3 

13.8 

0 

0 

0 

0 


12.3 

1 

3.9 

23.7 

37.4 

wm 

13.8 

0 

0 

0 

0 

9.9 

m m m m 

2 

7.8 

30.9 

49.5 


13.8 

0 

0 

0 

0 

10.7 

13.3 

3 

11.7 

37.7 

57.3 

74.8 

13.8 

0 

0 

0 

0 

12.5 

• • • • 

4 

15.6 

35.9 

65.9 

87.5 

13.8 

Trace 

0 

0 

0 

15.2 

21.8 

5 

19.5 

33.1 

64.4 

88.7 

13.8 

8.5 

0 

0 

0 

14.2 

11.9 

6 

23.4 

34.9 

78.5 

92.7 

13.8 

15.3 

0 

0 

Trace 

16.0 

12.9 

7 

27.3 

33.5 

75.9 

94.7 

13.8 

21.2 

0 

0 

8.4 

19.6 

18.2 

8 

31.2 

32.8 

78.2 

95.6 

13.8 

23.4 

1.4 

13.3 

37.8 

19.9 

21.6 

9 

35.1 

36.3 j 

81.2 

96.7 

13.8 

19.9 

8.8 

53.6 

71.1 

33.4 

29.7 

10 

39.0 

39.0 ! 

83.9 

96.6 

13.8 

14.8 

9.9 

90.7 

115.6 

37.9 

34.2 


*pH=7.3. 

•fper kgm. dry soil. 

TABLE 3 


Ratios of nitrogen utilized to celMose fermented 


SAHPLB NUKBER 

KXTK.O*' 

GEN 

ADDED 

EXPERIMENT 1 

EXPERIMENT 2 

EXPERIMENTS 

17 days 

24 days 

42 days 

lOdasTS 

30 days 

60 days 

After 1 

Am; 

monia 

nitrogen 

4 days 

Nitrate 

nitrogen 


mgm. 

lllllll 




{HI 




Control 

0* 

1:222 

1:218 

1:200 

1:145 

1:241 

1:223 

1:72 

1:72 

1 



1:81 

1:84 

1:62 

1:98 

1:136 



2 


1:58 

1:64 

1:63 

1:47 

1:75 

1:98 



3 

11.7 

1:46 

1:52 

1:60 

1:40 

1:61 

1:79 



4 

15.6 

1:38 

1:50 

1:49 

1:29 

1:54 

1:74 



5 

19.5 

1:32 

1:38 

1:46 

1:23 

1:43 

1:59 

1:14 

1:22 

6 

23.4 

1:29 

1:34 

1:37 


1:44 

1:52 



7 

27.3 

1:23 

1:30 

1:33 


1:37 




8 

31.2 


1:27 

1:28 i 


1:30 




9 

35.1 


1:24 

1:26 


1:31 




10 

39.0 


1:22 

1:23 


1:29 





♦The soil used for experiment 1 contained 0.86 mgm.; for experiment 2—1.38 mgm.; and 
for e3q>eriment 3—0.35 mgm. nitrate nitrogen per 100 gm. dry soiL 


and are shown graphically in the lower curves of figures 1 and 2. From these 
it is seen that when the amounts of available nitrogen are very small the ratios 
of nitrogen utilized to cellulose fermented may be very low, as is indicated by 
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the control bottles where the only nitrogen present is for the most part in the 
form of nitrates in the original soil. In experiment 1 where 0.86 mgm. of 
nitrate nitrogen were present for each hundred grams of soil in the control 
bottles, 188 and 186 mgm, of cellulose were fermented within 24 days, with cor¬ 
responding ratios of nitrogen to cellulose of 1:219 and 1:216 respectively. 
These ratios, however, may not be exactly comparable to those from the soils 
receiving ammonia nitrogen, for the ratio of nitrogen utilized to cellulose fer¬ 
mented appears to be somewhat higher with nitrate nitrogen than with am- 



Feg. 2. The Rato op Cellulose Fermentation in the Presence op Increasing 
Amounts op Nitrogen 

The three upper curves indicate the amounts of cellulose fermented at various nitrogen 
concentrations after 10, 30, and 60 da 3 rs. The lower curve ^ows the ratio of nitrogen 
utilized to cellulose fermented after 30 days. 

monia nitrogen, as is shown in experiment 3. With increases in the amounts 
of nitrogen this ratio increased until it reached a value of 1:22 in the soils 
receiving ten times the amount of ammonia present in a 2 per cent application 
of manure. Although it is doubtless true that available nitrogen was formed 
by ammonification and nitrification of the original constitutent of the soil, 
this amount is almost negligible when compared with the amounts of nitrogen 
added to the soils, for under conditions similar to these experiments only 14.8 
to 15.1 mgm. of nitrate nitrogen was formed per kilogram of diy soil during 
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three months, or 0.5 mgm. per 100 gm. of so2 during each month. This data 
therefore fails to support the general statement of Wahsman and Heukdekian 
(IS, 14) that ^'for every milligram of nitrogen that is available in the soil or 
that can become available in a given period, 40 to SO mgm. of cellulose will be 
decomposed.” This condusion was doubtless correct for the specific conditions 
of their experiments. 

That nitrification can occur in the presence of appredable amounts of cel¬ 
lulose is conduded from these results, for in both experiments an accumulation 
of nitrates occurred when the ratio of nitrogen to cellulose was approximatdy 
1:35. Figure 3 shows graphically the cellulose fermented and the nitrates 
present from time to time in soil 8, experiment 1, and soil 10, experiment 2. 
The data of experiment 1 show dearly that nitrates accumulated from the very 
start of the experiment in those soils which received the largest amounts of 
ammonia. Where less ammonia was added, all available nitrogen was utilized 
by the organ i s m s that fermented the cellulose. Under such conditions nitrates 
could not accumulate. The results of experiment 2 demonstrate this even 
better, for a more careful study of the nitrification process was made in this 
experiment. The data do not coincide exactly with those of the former 
experiment because only 1 per cent of cellulose was used in experiment 1 
whereas 1J per cent was used in experiment 2. It seems dear, therefore, that 
nitrification occurs in the soil in the presence of cellulose, but that unless the 
available nitrogen is in excess of that required by the organisms which devdop 
on the cellulose for their nitrogen metabolism, the nitrates will be utilized by 
the cellulose fermenters as rapidly as they are formed by the nitrate-forming 
organisms. This is contrary to the opinion expressed by van Iterson (11) and 
more recently by Gibbs and Workman (9), that the cellulose inhibits 
nitrification. 

The presence of ammonia is taken to indicate that ammomfication can pro¬ 
ceed in the presence of considerable amounts of cellulose and that it is not quite 
so readily utilized by cellulose fermenters as are nitrates, for ammonia was 
found when nitrates were not. 

Experiment 3 was then conducted to determine whether ammonia could be 
used as such in the fermentation of cellulose or whether it was converted to 
nitrates and then utilized. For this purpose the soil was addified with sul¬ 
furic add to a pH of 4,9, a reaction slightly below that at which nitrification 
is inhibited in this soil. After the soil had been left standing several days to 
make sure an equilibrium existed between soil and add the tests were prepared 
as follows: 

Control bottles: 200 gm. soil, 3 gm. cellulose. 

Bottles la and lb: 200 gm, soil, 3 gm. cellulose, 23.4 mgm. nitrogen as am¬ 
monium sulfate. 

Bottles 2a and 2b: 200 gm. soil, 3 gm. cellulose, 23.4 mgm. nitrogen as sodium 

nitrate. 



122 


J. ARXINGTON ANDERSON 


All bottles were made up to a moisture conteat of 18 per cent and incubated 
at 20°C. Analyses were made after 14 and 98 days. The results of this 
ecsperiment, which are shown in table 4, indicate that in an add reaction the 
fennentation of cellulose proceeds with rapidity in the presence of ammonium 



Jte, 3, The Rates or CeixuIiOSe FERKENTArtoN and Accoicpanyeng Nixrificaiion 
“ “ Cdlulose.—8 — 1 » Soil 8, Expetimeat 1. 

“ Nitrate Nitrogen.—10 — 2 » Soil 10, Experiment 2. 

nitrogen, and that its conversion to mtrates is not necessary. It is noteworthy 
that the fermentation proceeded much less rapidly at pH 4.9 thap at pH 7.3. 
The data of expeiiment 3 and the analyses of the control bottles in experi¬ 
ments 1 and 2 seem to indicate that the presence of nitrate nitrogen accelerates 
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the cellulose fermentation to a greater extent than does the presence of am¬ 
monia. The evidence, however, is rather insufScient to establish such a con¬ 
clusion as a fact. Ammonia is known to stimulate the development of molds 
whereas nitrates do not. It may be that in the presence of the nitrates a 
greater bacterial development occurred of a kind which ferments cellulose more 
rapidly than do the organisms which were favored by the presence of ammonia. 
Also, a change of reaction occurred in the two soils as the nitrogen was utilized; 

TABLE 4 


The relative avaUdbiUty of ammonia and nitrate nitrogen* 


SAMPLE 

HHKOGEM ADDED 

KUSATSS AT 

CELLULOSE PERMENT2D 


Form 

Amount 

START 

14 days 

98 days 



mgm. 

mgm* 

percent 

percent 

Control 


0 

3.5 

11.6 

54.0 

Control 


0 

3.5 

6.5 

la 

(NHOiSO, 

23.4 

3.5 

23.3 

93.4 

lb 

(NHO^SOi 

23.4 

3.5 

24.0 

93.1 

2a 

NaNO, 

23.4 

3.5 

37.0 

100.0 

2b 

NaNO, 

23.4 

* 3.5 

38.1 

100.0 


*pH - 4.9. 

TABLE 5 

AvaUabUiiy of nitrogenous organic compounds 


OOMPOUITD ADDED 

TO SOIL 

AMMONIA 

NITROGEN 

AMZDB 

NITROGEN 

AMINO 

NITROGEN 

TOTAL 

NITROGEN 

nCT.T.rrit,Q{yyi} 

PXRMSNTEDIN 
91 DAYS 

(NHOtSOf . 

3.9 



3.9 

61.9 

Urea. 


3.90 


3.9 

60.2 

Aspartic acid. 



3.90 

3.9 

61.2 

Asparagin. 


1.95 

1.95 

3.9 

59.8 

Alanine. 



3.90 

3.9 

61.3 

Tyrosine. 



3.90 

3.9 

55.8 

Peptone. 



3.90 

20.5 

• 93.4 

Casdn. 




3.9 

65.3 

Manure. 

3.9 



12.2 

67.2 

Control. 




0 

25.5 

Control. 




0 

28.5 


the soil which received the ammonium sulfate becoming more acid, and that 
which received the sodium nitrate becoming less add as the fermentation 
proceeded. 

Nitrification did not occur during the above experiment. A control bottle 
to which ammonium sulfate but no cellulose had been added, contained at the 
start 17.6 mgm. of nitrate nitrogen per kilogram of dry soil, whereas 16.7 
mgm. was present after 20 days. Mttx 98 days 1.3 mgm. of nitrate nitrogen 
was found in the soils which recdved sodium nitrate, but none was present in 
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the bottles which received aimnoidum sulfate. The presence of small amounts 
of nitrate is probably due to the neutralization of a part of the soil acidity by 
the sodium, caxising a reaction just within the limit where nitrification occurred. 

It may be of interest to describe an experiment to determine the degree in 
which molds could participate in cellulose fermentation. Five grams of cel¬ 
lulose were placed in each of two bottles. To one bottle* was added 10 cc. of 
the sodium nitrate solution—containing 39 mgm. of nitrate nitrogen—used 
in the preceding experiment, and to the other was added 10 cc. of the ammo¬ 
nium sulfate solution containing the same amount of nitrogen. Both bottles 
were inoculated with 0.5 gm. of soil and incubated at 40®C. Within 3 days the 
bottle to which ammonium sulfate had been added showed a very heavy mold 
growth, and within SO days all of the cellulose in this bottle had been com¬ 
pletely fermented. Microscopic preparations failed to indicate the presence 
of bacteria. No visible fermentation of cellulose occurred in the bottle to 
which the nitrate had been added. It is very likely that at the temperatures 
under which the experiments were conducted the fermentation due to molds 
is much greater than occurs under natural soil conditions. 

The practical applications of these experiments are numerous, interesting 
illustrations of the deleterious influence of cellulose in newly cleared land having 
been cited in the work of Fred and Viljoen (8), of Soderbaum and Barthel (13), 
and of Gibbs and Werkman (9). Another particularly interesting example is 
given by Arrhenius (1) in the case of a market gardener who in preparing his 
forcing beds used heavy applications of shavings which had been used for 
stable bedding. The cellulose in this bedding brought about a lack of nitrogen 
in the soil as it underwent fermentation and the young plants were rapidly 
dying of nitrogen starvation when the attention of the botany department of 
the esperiment station was called to the situation. The crop was saved by the 
application of sodium nitrate to the soil. 

Summary 

Cellulose is decomposed in the soil at a rate which increases with the increase 
in available nitrogen until the latter is present in amounts necessary for the 
maximum growth of microorganisms. For the conditions of the experiments 
described in this paper, this point was reached when the ratio of nitrogen to 
cellulose was about 1:35. When the nitrogen is present in amounts in excess 
of this ratio it seems to have little influence on the course of the fermentation. 

The amounts of cellulose fermented per milligram of nitrogen utilized are 
not constant but decrease rapidly as the nitrogen increases; in other words, 
the bacteria are most efficient when their nitrogen supply is limited. 

Nitrification can proceed in the presence of cellulose, but unless nitrogen is 
present in quantities above that required by the bacteria the nitrates are 
utilized as rapidly as they are formed. 

Ammonia can serve as a source of nitrogen for cellulose-fermenting organisms 
without first being converted to nitrates. Since ammonia was present in cel- 
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iulose-containing soils when all of the nitrates had been utilized, it appears 
that the aromonification process continues in the presence of cellulose. 

It thus appears that none of the soil processes are inhibited by the addition 
of carbohydrates to the soil; this is to be expected, for the carbohydrates are 
not toxic to these organisms. What occurs in the presence of the cellulose 
is that conditions in the soil are improved for the development of micro¬ 
organisms and these in turn utilize the available nitrogen for their growth, the 
nitrogen usually becoming a limiting factor. The growing plant appears to be 
quite unable to compete with the microorganisms, hence the crop failures on 
soils containing cellulose. 


FART n 

It is thought fitting to record here an experiment conducted for the purpose 
of obtaining some information concerning the availability, for the cellulose 
fermentation, of organic nitrogen such as would be present in the protein 
residues returned to the soil under natural conditions or obtained as cleavage 
products from such residues. 

As this experiment was commenced before those described in part I, no 
information was to be had concerning the influence of the more firmly bound 
nitrogen on this fermentation. It was thought that protein nitrogen was 
rendered available more slowly than seems to be the case. For this reason 
also it was difi5.cult to determine when the analyses should be made, and con¬ 
sequently the 91-day period of incubation was much longer than necessary. 
Whether a shorter period would have brought out greater differences in the 
degrees of fermentation in the various bottles is not certain. 

The experiment was conducted in exactly the same manner as those de¬ 
scribed in part I. The substances chosen for study were: ammonium sulfate, 
urea, aspartic add, asparagine, alanine, t 3 a:osine, peptone, casein, and stable 
manure. These substances were added to the soil in amounts such that their 
available nitrogen, in the case of casein total nitrogen, was equal to the am¬ 
monia added in a 2 per cent application of stable manure. For the ammonium 
sulfate, peptone, casein, and manure, the nitrogen values given in table 5 were 
obtained by analysis; for the other compounds, these values were calculated 
according to formula, only the purest compounds obtainable being used. One 
per cent of cellulose and the amounts of nitrogenous material equivalent to the 
values given in the table were added to the soil, which was then brought to its 
optimum water content of 18 per cent. Soluble compounds were added as 
solutions. After 91-days incubation at 18°C. the soils were analyzed for cel¬ 
lulose with the results indicated in table 5. AU figures are the average of two 
closely agredng analyses from two soils receiving similar treatment, with the 
exception of the soils to which aspartic acid had been added. One of the latter 
had an exceedingly great mold growth and contained only 7.6 per cent of cel¬ 
lulose at the time of anal}rsis. 



126 


J. ARLINGTON ANDERSON 


The conclusions drawn from this experiment are: that the nitrogen present 
in the natural residues and returned to the soils either in the form of dead 
vegetation or manure is more available for the cellulose fermentation than was 
previously supposed, and that the accelerating influence of such compounds 
on this process is directly proportional to their rate of ammonification. Once 
the protein is hydrolyzed to the amino add stage its nitrogen seems to be prac¬ 
tically as available as ammonia. The rate of cellulose decomposition is de¬ 
pendent then, not only on the ammonia and nitrate nitrogen in the soil, but 
also on the rate of decomposition of the more complex nitrogen-containing 
compounds, as illustrated by the soils containing peptone, casein, and manure. 
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The effects of various methods of applying fertilizers on plant growth 
and on certain soil conditions have been considered in another publication ( 1 ). 
In this paper the results of field tests wfil be given, showing the influence of 
various fertilizers, applied in different ways, on some important farm crops. 

The fertilizers used included acid phosphate (16 per cent), commercial 
brands secured from different sources, and home mixtures prepared from 
nitrate of soda, acid phosphate and muriate of potash. Unless otherwise 
stated, the 0 - 12-2 and 0 - 12-0 used were the home mixtures, whereas the 2 - 12-2 
was Armour’s Big Crop brand. 


EXPERIMENTAL 

0<Us and clover on Carringjlon loam 

This experiment was carried out on the Agronomy Farm to study the two 
methods of applying fertilizers, drilled in the rows, direct contaa with the seed 
and drilled as a separate operation to the seeding or broadcast, A Feoria- 
Union fertilizer grain drill was used. logren oats and Shield Brand medium 
red clover were seeded. The fertilizer treatments varied as shown in table 1, 
200 pounds per acre of 16 per cent acid phosphate being taken as the normal 
application and the other fertilizers being applied to carry equivalent P 2 O 5 . 

On all the fertilized plots the oats matured earlier than on the checks. The 
2 - 12-2 and 0-12-2 ripened from 4 to 7 days before the 0-16-0 and from 7 to 
10 days earlier than the checks. Further, all of the driUed in row fertilizer 
treatments matured 3 to 6 days earlier than the broadcast treatments. 

From the oats yields in the table it seems evident that drilling the fertilizer 
direct contact in the seed rows was better than broadcasting it. Such results 
do not mean, however, that true broadcasting (using a limesower and discing 
in the fertilizer, for instance) may not prove equal or even superior to the 
driUed in row method under other conditions. 

The fertilizer applications to the clover gave a good stand and crop, whereas 
the stand and yields on the check plots were very poor. Increased rates of 

®Part n of a thesis presented to the facultyof the Iowa State CoU^ in partial fidffll** 
ment of the requirements for the degree of Doctor of Philosophy. 
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fertilizer application apparently produced larger weights of hay;, also, in most 
instances. No one of ike fertilizer brands used consistently out-yielded the 
others, but the acid phosphate seemed to give the most economical returns. 

The data from this study do not warrant a conclusion concerning the better 
method of applying the fertilizer to clover. The separate operation or broadcast 
method gax^e as good fertilizing benefits as the direct coniact in the seed row 
method. 


TABLE 1 

Oats and ckmer fertiliser sittdy on Carrington ham 


PLOT 

snncBEB. 

—p - 

PERTZLIZEa TRCAmENTS 

ACRE 

YIELDS OF 
! OATS 

1 GRAIN 

T32 POUNDS) 

INCREASES 
BY INTER¬ 
POLATION 
METHOD 

ACRE 
YIELDS OF 
CLOVER 

INCREASES 
BY INTER¬ 
POLATION 
METHOD 

Analysis 

Application 




bushels 

bushels 

pounds 

pounds 

1 

None 

Check 

1 29.4 


794 


2 

2-12-2 

Drilled in row 0.5 N* 

48.8 

18.1 

1,802 

900 

3 

0-12-2 

Drilled in row 0.5 N 

52.1 

i 20.1 

2,018 

1,009 

4 

0-16-0 

Drilled in row 0.5 N 

55.8 

22.5 

2,234 

1,117 

5 

None 

Check 

34.7 


1,22S 



2-12-2 j 

Drilled in row N 

S2.0 

14.3 

2,380 

1,244 

7 

0-12-2 

Drilled in row N 

63.3 

22.6 

1,875 

829 

8 

0-16-0 

Drilled in row N 

52.7 

9.0 

1,802 

846 

9 

None 

Check 

46.7 


866 


10 

2-12-2 

Broadcast 0.5 N 

50.4 

7.0 

1,370 i 

613 

11 

0-12-2 

Broadcast 0.5 N 

53.2 


1,945 

1,296 

12 

0-16-0 

Broadcast 0.5 N 

41.2 

wbm 

1,514 

974 

13 

None 

Check 

33.6 


432 


14t ! 

2-12-2 

Broadcast 2V 

58.6 

25.0 

1,920 

1,542 

ISt ! 

0-12-2 

Broadcast N 

44.3 

10.7 

1,685 

1,361 

16 

0-16-0 

Broadcast N 

41.4 

7.8 

1,945 

1,675 

17 

None 

Check 

33.6 


216 


18 

0-16-0 

Drilled in row 0.25 N 

45.4 ^ 

11.8 

1,370 

1,046 

.19 

0-16-0 

Drilled in row 2 N 

58.1 

24.5 

3,320 

2,888 

20 

2-12-2 

Drilled in row 2 N 

64.8 

31.2 

3,675 


21 

None 

Check 



649 



*N = Normal application of 200 pounds of 16per cent acid phosphate per acre.* 
t Shorter plots, due to accidental double-seeding in two spots which were discarded. 


Oats on O^Neill loam 

Table 2 gives the outline of and crop yields in this experiment, which was 
conducted on a farm near Ames, logren oats were drilled with a Van Brunt 
fertilizer grain drill, and medium red clover seed was sown at the same time. 
The broadcast applications of the fertilizers were made with a Superior lime- 
sower and then worked into the soil by the grain drill. The acid phosphate 
treatments were reduced from 0-16-0 to 0-12-0 in all cases, so that the same 
drill or limesower set could be used as was employed in the 0-12-2 and 2-12-2 
brands. For the above fertilizer treatments, the delivery pipes of another 
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drill were attached to the Van Brunt drill so that the fertilizer fell partly into 
the row in direct contact with the seed but chiefly above the seed with soil inter¬ 
posed. 

Although this test failed to show very pronounced fertilizer responses, some 
interesting facts are indicated. Drilling the fertilizer direct contact in the seed 

TABLE 2 

Oats fertilizer study on 0*1^6:11 loam 



TEKTII.1ZS5 APPUCATION 

1 i 

H 

I 

Analysib 

Rate per 
acre 

Nethod 

Iss 

§13 

< 




pounds 


busbds 

bushds 

1 

Check 

None 


34.1 


2 

2-12-2 

100 

Drilled in seed rows 

40.9 

6.6 

3 

2-12-2 

100 

Broadcast with limesower 

34.1 

-0.4 

4 

0-12-0 

100 

Broadcast with limesower 

32.9 

-1.9 

5 

0-12-0 

100 

Drilled in seed rows 

38.6 

3.6 

6 

Check 

None 


35.2 


7 

0-12-0 

400 

Broadcast with limesower 

37.4 

1.8 

8 

0-12-0 

200 

Drilled in seed rows 

44.3 

8.2 

9 

0-12-2 

200 

Drilled in seed rows 

43.1 

6.6 

10 

0-12-2 

400 

Broadcast with limesov»er 

40.9 

3.9 

11 

Check 

None 


37.4 


12 

0-12-2 

100 

Drilled in seed rows 

43.1 

5.2 

13 

0-12-2 

100 

Broadcast with limesower 

37.4 

-0.9 

14 

0-12-2 

100 

Drilled—separate operation— 2 inches deq?) 

39.7 

0.9 

15 

0-12-2 

100 

Drilled in seed rows (2 inches deep) 

46.5 

7.3 

16 

Check 

None 


39.7 


17 

0-12-2 

200 

Drilled above seed through second set delivery pipes 

38.6 

-1.6 

18 

0-12-2 

200 

Drilled—separate operation—(i inch de^) 

i 42.0 

1.4 

19 

0-12-2 

200 

Drilled—separate operation—(2 inches de^) 

45.4 

4.3 

20 

0-12-2 

200 

Drilled—separate operation—(4 inches deep) 

47.7 

6.2 

21 

Check 

None 


42.0 


22 

0-12-0 

200 

Drilled—separate operation—(4 inches deep) 

52.2 

9.4 

23 

0-12-0 

200 

Drilled above seed through second set delivery pipes 

44.3 

0,6 

24 

0-12-0 

200 

Drilled in seed row's (2 inches deep) 

54.5 

10.0 

25 

Check 

None 


45.4 


26 

2-12-2 

200 

Drilled in seed row’s (2 inches deep) 

55.6 

10.2 

27 

2-12-2 

200 

Drilled above seed through second set delivery pipes 

51.1 

5.7 

28 

2-12-2 

200 

Drilled—separate operation—(4 inches deep) 

54.5 

9.1 

29 

Check 

None 


45.4 

15.5 

30 

2-12-2 

400 

Drilled in seed rows 

60.2 

31 

2-12-2 

100 

Drilled in seed rows 

46.5 

2.6 

32 

Check 

None 


43.1 



row with the grain drill was better than hroadcastang with a limesower. Broad¬ 
cast applications of 100 pounds per acre failed to give increased 3 ^elds over the 
checks, and 400 pounds broadcast did not yield as mudi as 200 pounds drilled 
direct contact. Drilling the fertilizer as a separate operation to the seeding was 
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slightly better than broadcasting it with a limesower. Where the separate 
operation method was used, the depth of fertilizer application relative to 
the seed appeared important. Drilling the fertilizer above the seed through 
a second set of delivery pipes gave very small benefits. 

Whiter %t)heat on Carrington loam 

In this experiment on the Agronomy Farm, a special 2-12-2 mixture deriving 
its ammonia one-half from calcium cyanamid and one-half from dried blood, 
was prepared for comparison with Armour’s 2-12-2 Big Crop brand. 

lobred wheat "was used at the rate of 1| bushels per acre. Each plot was 1 
drill strip wide and 163.5 feet long, or acre in size. The fertilizer applica¬ 
tions were made with a Peoiia-Union drill for the row methods and with a 
Peoria limesowrer for the broadcast. 

From the results given in table 3, some significant facts may be noted. 
Four hundred pounds per acre of Cyanamid 2-12-2 fertilizer applied direct 
contact in the seed rim gave an increase over the adjacent check but the increase 
was smaller than that given by the fertilizer applied in safer ways. Four 
hundred pounds per acre of the commercial 2-12-2 drilled direct contact also 
depressed the peld when compared to the same treatment applied broadcast. 
The injury was not so pronounced, however, as in the case of the fertilizer 
contai nin g C 3 miamid. 

Two himdred poxmds per aae of 0-12-2 drilled direct contact gave the best 
jdelds. The same amount of 0-12-0 similarly applied was almost as effective. 
Four hundred pounds broadcast was not so beneficial as 200 pounds direct 
contact. Drilling the fertilizer as a separate operation to the seeding gave benefits 
equal to those of the limesower broadcast method. The separate drilling 
failed to equal the direct contact in the seed rows method for moderate amounts 
of the non-caustic fertilizers. 

Fall applications of fertilizers were more beneficial than spring applications. 
Splitting the fertilizer between fall and spring applications did not appear 
to be economical. 

Applying the fertilizer 10 days in advance of seeding gave good results for 
the Cyanamid mixture, but was of no value for the other fertilizers studied. 
The depth study showed that locating fertilizers (particularly acid phosphate) 
diallower than the seed at planting time was not so beneficial as locating them 
at the same depth or slightly deeper than the seed. 

Fertilizer depth study with winter wheat on Carrington loam 

In this experiment on a farm near Ames, the depth factor of fertilizer 
location relative to the seed was studied. The fertilizer was applied with the 
Peoria-Union grain drill on the day of seeding, but as a separate operation to 
sowing the lobred wheat. The plots were 530 feet long and 1 drill strip wide, 
or approximately iV acre. 
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TABLE 3 

Whiter wheat fertilizer study on Carringtofi loam 


PLOT 

linJUBEE 

FERTILIZER TREATMENTS 

ACRE 
VIEIJ>OF 
GRAIN (60 
POUNDS) 

ACRE 

INCREASES 

BY 

INTERPOLA¬ 

TION 

METHOD 

Analysis 

Aji^lication 

Rate per 
acre 

Method 



pounds 


bushds 

buskds 

1 

Check 

None 


31.6 


2 

2-12-2 

400 

Broadcast wth limesower 

38.0 

6.3 


(Cyanamid) 





3* 

2-12-2 (Cyan.) 

400 

Broadcast with limesower 

39.2 

7.4 

4* 

2-12-2(Cyan.) 

400 

Drilled 

38.0 

6.0 

5 

2-12-2 (Cyan.) 

400 

Drilled—separate operation 

38.0 

5.9 

6 

2-12-2(Cyan.) 

400 

Drilled in seed rows 

34.8 

2.6 

7 

Check 

None 


32.3 


8* 

0-12-2 

400 

Broadcast with limesower 

37.7 

5.1 

9 

0-12-2 

400 

Broadcast with limesower 

39.9 

7.1 

10 

0-12-2 

200 

Drilled in seed rows 

44.6 

11.5 

11 

0-12-0 

200 

Drilled in seed rows 

43.0 

9.6 

12 

0-12-0 

400 

Broadcast with limesower 

39.6 

5.9 

13* 

0-12-0 

400 

Broadcast with limesower 

39.2 

5.3 

14 

Check 

None 


34.2 


15t 

2-12-2 

400 

Broadcast with limesower 

36.1 

1.7 


(Commercial) 





16 

2-12-2 (Com.) 

400 

Broadcast with limesower 

44.3 

9.7 

17 

2-12-2 (Com.) 

400 

Drilled in seed rows 

42.1 1 

7.2 

18* 

2-12-2 (Com.) 

400 

Drilled 

42.4 

7.3 

19 

2-12-2 (Com.)' 

400 

Drilled—separate operation 

43.0 

7.6 

20t 

2-12-2 (Com.) 

400 

DriUed 

38.0 

2.4 

21 

Check 

None 


35.8 


22t 

0-12-2 

400 

Drilled 

36.4 

0.8 

23 

0-12-2 

400 

Drilled—separate operation 

37.3 

2.0 

24 

0-12-2 

400 

Drilled in seed rows 

40 2 

5.2 

25 

0-12-0 

400 

Drilled in seed rows 

38.6 

3.9 

26t 

0-12-0 

400 

Drilled 

36.1 

1.7 

27 

Check 

None 


34.2 



2-12-2 

400 

jHalf drilled in seed rows in fall) 




(Commercial) 


^Half drilled in spring J 

ou. / 


29 

2-12-2 (Com. 

200 

Drilled in seed rows 

38.0 

3.8 


f 2-12-2 (Com. 

200 

Drilled in seed rows) 

^7 

^ 0 

iJU 

\tO-12-2 

200 

Drilled j 

o# • o 


31 

2-12-2 

400 

Drilled in seed rows (2 inches deq[>) 

40.5 

6.2 


(Commercial) 





32 

2-12-2 (Com.) 

400 

Drilled—separate operation (} inch 

37.3 

2.9 




de^) 



33 

2-12-2 (Com.) 

400 

Drilled—separate operation (4 

38.3 

3.9 




inches deq>) 



34 

Check 

None 


34.5 



* Fertilizer applied 10 days before seeding, 
t Fertilizer applied in the spring. 
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The data in table 4 show that drilling the fertilizer dired contact in the seel^ 
rows was superior to drilling the same fertilizer as a separate operation to t^ 
seeding, no matter what depth was used in the drilling. Even 100 pounds per 


TABLE 4 

Fertilizer depth study with tAnter •'^heai on Carrmgtofi loam 


g 

\ TESTILIZEK TRL.\T2fEKTS 

s ® 
1 i 

m 

ill 

1 


Applkatiozi 

ill 

i 

Analy^ 

Rate per 
acre 

Depth 

Method 

r® 



pounds 

inches 


hushds 

bushels 

1 

Check 

None 



29.4 



2-12-2 

400 

h 

Drilled—separate operation after 

36.8 

6.3 


(Cyanamid) 



seeding 



3 

2-12-2 (Cyan.) 

400 

2 

Drilled—separate operation 

39.8 

8.2 

4 

2-12-2 (Cyan.) 

400 

4 

Drilled—separate operation before 

41.1 

8.3 





seeding 



5 

2-12-2 (Cyan.) 

400 

2 

Drilled in seed rows 

43.9 

9.9 

6 

2-12-2 (Cyan.) 

100 

2 

Drilled in seed rows 

41.7 

6.5 

7 ! 

Check 

None 



36.4 


8 i 

2-12-2 

400 

\ 

Drilled—separate operation after 

37.6 

2.8 


fCommeicial) 



seeding 



9 

2-12-2 (Com.) 

400 

2 

Drilled—separate operation 

38.8 

5.6 

10 

2-12-2 (Com.) 

400 

2 

Drilled in seed rows 

41.5 

9.9 

11 

2-12-2 (Com.) 

400 

4 

Drilled—separate operation before 

37.8 

7.8 





seeding 



12 

2-12-2 (Com.) 

100 

2 

Drilled in seed rows 

37.2 

8.8 

13 

Check 

None 



26.8 


14 

0-12-0 

400 

i 

Drilled—separate operation after 

29.4 

1.2 





seeding 



15 

0-12-0 

400 

2 

Drilled in seed rows 

37.8 

8.2 

16 

0-12-0 

400 

2 

Drilled—separate operation 

1 37.0 

6.0 

17 

0-12-0 ! 

400 

4 

Drilled—separate operation before 

35.5 

3.0 



[ 


seeding 



18 

Check 

None 


1 

33.9 


19 

0-12-0 

100 

2 

Drilled in seed rows 

38.8 

5.5 

20 

0-12-2 

100 

2 

Drilled in seed rows 

40,0 

7.2 

21 

0-12-2 

400 

i 

Drilled—separate operation after 

35.6 

3.4 





seeding 



22 

0-12-2 

400 

2 

Drilled—separate operation 

36.0 

4.3 

23 

0-12-2 

400 

4 

Drilled—separate operation before 

37.2 

6.1 





seeding 



24 

0-12-2 

400 

2 

Drilled in seed rows 

38.0 

7.5 

25 

Check 

None 



30.0 



acre of the fertilizers drilled direct contact always proved equal to or slightly 
better than 400 pounds of the same fertilizer applied as a separcde operation* 
Little increase in yield over the lOO-pound applications was found for the 400- 
pound treatments direct contact. 
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The conclusion appears warranted that applications of fertilizers shallower 
than the seed were not equal in benefits to applications on the same plane 
with the seed or slightly deeper. 

Winter wheat on Tama silt loam 

This experiment was carried out on Tama silt loam in Adair County. Table 5 
gives the outline of the test and the 3 delds obtained. Turkey Red wheat was 


TABLE 5 

Winter wheat fertilizer study on Tama silt loam 


PLOT 

NUUBSR 

rE&TlLJZE& TREATUE2TTS 

ACRE 
YIELDS OF 
GRAIN 

(60 POUNDS) 

ACSX 

INCREASES 
OF GRAIN 
OVER 
AVERAGE 
OF 

CHECKS 

Analjrsis 

Application 

Rate per 
acre 

Method 

pounds 

hushtis 

hushtis 

Large acreage test 

1 

1 Check 

None 


11.5 


2 

mBVSm 

200 

Drilled—separate operation 

15 7 

3.9 

3 


200 

Drilled in seed rows 

21.2 

9.4 

4 

2-12-2 

200 

Drilled in spring 

15.1 

3.3 

5 

Check 

None 


12.1 



Small plot test 


1 

Check 

None 


12.1 


2 

2-12-2 

300 

Drilled in seed rows 

15.7 

4.5 

3 

2-12-2 

100 

Drilled in seed rows 

14.5 

3.3 

4 

2-12-2 

200 

Drilled in seed rows 

20.6 

9.4 

5 

2-12-2 

200 

Drilled half in fall, half in spring 

16 3 

5.1 

6 

2-12-2 

300 

Drilled, 200 pounds in fall, 100 pounds 

16.9 

5.7 




in spring 



*7 

r2-12-2 

200 

Drilled in seed rows in fall 1 

18. S 

7.6 

/ 

\0-12-0 

100 

Drilled in spring / 

8 

0-12-0 

300 

Drilled, 200 pounds in fall, 100 pounds 

17.6 

6.4 




in spring 

15 7 

4.5 

9 

0-12-0 

200 

Drilled, half in fall, half in spring 

10 

0-12-0 

200 

Drilled in seed rows 

20.0 

8.8 

11 

0-12-0 

100 

Drilled in seed rows 

15.7 

4.5 

12 

0-12-0 

300 

Drilled in seed rows 

17.6 

6.4 

13 

Check 

None 


10.3 



seeded at the rate of IJ bushels per acre with a Moline fertilizer grain drill. 
The laige acreage portion of the experiment consisted of 5 plots, each 98 feet 
wide and 660 feet long, or approximately acre in size. In the sma ll plot 
test each plot was 1 drill width across the field. The complete commercial 
fertilizer, 2-12-2, was furnished by the American Agricultural Chemical 
Company. 
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In the large acreage test, it is evident that drilling the fertilizer direct contact 
in the seed rows was preferable to either fall or spring separate operation drilling. 
On the small plots, the 200-pound applications drilled in direct contact again 
gave the best yields. The 300-pound treatments showed depressions in yields, 
being scarcely better than the 100-pound applications. The combinations of 
fall plus spring applications failed to equal the yields with fall applications 
alone, even where 300 pounds applied in this way was compared to 200 pounds 
applied in the fall. It will be noted in both parts of this study that the best 
application of the fertilizer practically doubled the yields over that on the 
check plots. 

TABLE 6 

Winier wheat fertilizer study on Tama siU loam II 


PLOT NUMBER 

FERTILIZER TREATMENTS 

ACRE YIELDS OF 
GRAIN 

(60 pounds) 

ACRE INCREASES 
BYINTERPOLA¬ 
TION METHOD 

Analysis 

Application 

Rate per 
acre 

Method 



Pounds 


hushds 

bushds 

1 

Check 

None 


10.3 


2* 

2-12-2 

300 

DriUed 

12.1 

1.9 

3 

2-12-2 

300 

Drilled—separate operation (2 inches deep) 

16.9 

6.9 

4 

2-12-2 

300 

Drilled in seed rows (2 inches deep) 

22.4 

12.6 

5 

Check 

None 


9.7 


6 

2-12-2 

100 

Drilled in seed rows (2 inches deep) 

16.9 

6.6 

7 

2-12-2 

300 

Drilled—separate operation (J indi deep) 

16.3 

5.4 

8 

2-12-2 

300 

Drilled—separate operation (2 inches deep) 

17.6 

6.1 

9 

2-12-2 

1300 

Drilled—separate operation (4 inches deep) 

17.6 

5.5 

10 

; Check 

None 


12.7 


11 

0-12-0 

300 

Drilled—separate operation (J inch deep) 

18.2 

6.4 

12 

0-12-0 

300 

Drilled—separate operation (2 inches deep) 

16.9 

6.0 

13 

0-12-0 

100 

Drilled in seed rows (2 inches deep) 

18.8 

8.9 

14 

0-12-0 

300 

Drilled—separate operation (4 inches deep) 

18.2 ; 

9.3 

15 

Check 

None 


7.9 


16 

0-12-0 

300 

Drilled in seed rows {2 inches deep) 

19.3 

10.8 

17 

0-12-2 

300 

Drilled in seed rows (2 inches deep) 

18.2 

9.1 

18 

0-12-2 

100 

Drilled in seed rows (2 inches deep) 

14.5 

4.8 

19 

0-12-2 

300 

Drilled—separate operation (2 inches deep) 

15.7 

5.4 

20* 

0-12-2 

300 

Drilled 

12.7 

1.8 

21 

Check 

None 


11.5 



*■ Fertilizer applied in the spring. 


Winter wheat on Tama silt loam II 

This test was conducted on another farm in Adair County. Knnred wheat 
was seeded at the rate of If bushels to the acre and drilled in with the MoUne 
fertilizer grain drfll, on plots of 1 drill width each. The 2-12-2 fertilizer was 
Armour's Big Crop brand. 

The results given in table 6 show that drilling the fertilizer direct contact 
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in the seed rows was better than drilling it as a separate operation either in the 
fall or in the spring. Indeed, the direct contact plots averaged 20 bushels per 
acre, whereas the unfertilized checks averaged only 10.4 bushels and the spring 
applications averaged 12,4 bushels. The most economical treatment was the 
100 pounds per acre of 0-12-0, 

The depth study indicated that shallow fertilizer applications were not equal 
to similar ones located on the same plane with the seed or even slightly deeper. 

Winter wheat on Grundy silt loam 

This experiment was located in Wapello County. Since no fertilizer grain 
drill was available, the applications were made with a Holden, rear end-gate 
broadcast fertilizer and limestone distributor. It was planned to compare 
the two common methods of working the fertilizer into the soil after it 


TABLE 7 

Winter wheat fertiliser study on Grundy siU loam 


PLOT 

mniBER 

FERTHJZER APPLlCATXOt7 

ACSE 
YIEIDSOF 
GSAnr 
(60 pounds) 

ACRE 

INCREASES 
BY INTER¬ 
POLATION 
ICEIHOD 

Analysis 

Rate per 
acre 

Method 



pounds 


hushds 

hushds 

1 

Check 

None 


36.3 


2 

2-12-2 

400 

Broadcast and disced in 

46.0 

10.3 

3 

0-12-0 

400 

Broadcast and disced in 

38.7 

3.6 

4 

0-12-2 

400 

Broadcast and disced in 

43.0 

8.5 

5 

Check 

None 


33.9 


6 

2-12-2 

400 

Broadcast and harrowed in 

40.6 

7.2 

7 

0-12-0 

400 

Broadcast and harrowed in 

35.7 

2.7 

8 

0-12-2 

400 

Broadcast and harrowed in 

40.0 

7.5 

9 

Check 

None 


32.1 



had been applied broadcast, discing in versus harrardinng in. The results of 
the experiment are given in table 7. 

The harvest yields showed that the discing method gave larger yields than 
the harrowing method for all of the fertilizers tested. For light sandy soils 
in a rainy season, the results might be reversed, but for the average soil of the 
combelt the thorough discing in of the fertilizer appears desirable. 

Corn on Carringjton loam I 

This experiment was carried out on the Agronomy Farm. Table 8 gives 
the outline with the harvest data. The hUl fertilization was attained with the 
standard attachment on a John Deere No. 999 com planter, which instead of 
depositing the fertilizer in the hiU, spread the fertilizer as a strip approxi¬ 
mately 1 to inches wide and 3 to 6 inches long at a distance of 3 incies to 
the rear of the hills. 
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The plots were 4 rows wide or 2 drill widths of 7 feet each. Reid’s Yellow 
Dent was used and the seed was planted about 2| inches deep. The broadcast 
fertilizer was drilled only to moisture. 

In considering the harvest results, emphasis should be placed on the fact 
that the rear of hUl location for the fertilizer gave 3 to 7 days earlier maturity 
than the broadcast treatments. For maximum 3 delds and superior quality of 
com, however, the broadcast treatments appeared the better. 


TABLE 8 

Com fertilizer study oii Carrington loam I 


1 

PLOTKUUBCR 

SES.TZLXZE2 TJKEAT3CEM1S 

acre yields of 

CORN 

ACRE INCREASES 

BY INTERPOLATION 

Analysis 

Application 

(70 POUNDS) 

ICETSOD 

1 

1 

None 

Check 

bushels 

77.1 

bushels 

2 

2-12-2 

Broadcast 0.5 N'^ 

83.3 

6.1 

3 

0-12-2 

Broadcast 0.5 N 

79.0 

1.6 

4 

0-16-0 

Broadcast 0.5 N 

77.9 

0.3 

5 

None 

Check 

77.7 


6 

2-12-2 

Broadcast N 

83.3 

7.9 

7 

0-12-2 

Broadcast N 

83.9 

10.8 

8 I 

0-16-0 

Broadcast N 

72.9 

2.1 

9 

None 

Check 

68.5 


10 

2-12-2 

Hm0,5iV’ 

78.0 

8.9 

11 

0-12-2 

Hill 0,5 iV 

79.9 

10.2 

12 

0-16-0 

mno.5iY 

73.0 

2.7 

13 

None 

Check 

70.9 


14 

2-12-2 

HiUiV 

72.3 

1.7 

15 

0-12-2 

HilliV 1 

69.9 

-0.5 

16 

0-16-0 

Hill A 

67.6 

-2.5 

17 

None 

Check 

1 

69.8 



*N = normal application of 200 pounds of 16 per cent acid pho^hate per acre, taken as 
ba^ for applications. 


Corn on Carrington loam II 

This experiment was carried out the following year on the same land used 
in the preceding test. A slight change in the order of arranging the fertilizer 
treatments was made, the 0-12-0 mixture being placed between the 2-12-2 and 
the 0-12-2, to determine whether potash had any influence upon the com 
yields. The acid phosphate, or 0-16-0, used in the first year was diluted to an 
0-12-0 mixture. The number of plots was increased for a more complete test. 

Table 9 gives the outline of the experiment with the harvest yields. The 
com was planted with a John Deere No. 999 fertilizer com planter. The plots 
were 4 com rows wide, or 14 feet, and about 100 hiUs long, so that -jV-acre plots 
might be harvested. The broadcast fertilizer treatments were made with the 
Peoria-Union fertilizer grain drill after the com had been planted. The hUl 
applications were made with a new attachment designed by the writer and 
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connected to the seed shanks. It consisted of two regular attachments joined 
by iron braces and operated by the checkwire simultaneously with the seed 
valves. It applied the fertilizer partly in direct cofdact and partly along 
both sides of the hills as desired, and although it was not perfect because the 
poor furrow openers used increased the draft considerably, it served to give 
some interesting comparisons. 

From the harvest data it appears that the potash applications with acid 
phosphate gave benefits in all cases. The 2-12-2 fertilizer showed up better 


TABLE 9 

Corn fertilizer study on Carrin^on loam II 


PLOT 

NUMBER 

fertilizer applications 

ACRE 

YIELDS OP 
CORN 

(70 pounds) 

ACRE 

INCREASES 
BY INTER¬ 
POLATION 
icbihod 

Analysis 

Rate per 
acre 

D^Iethod 



pounds 


hushds 

bush^ 

1 

Check 

None 


67.6 


2 

2-12-2 

134 

Broadcast—grain drill 

79.6 

9.3 

3 

0-12-0 

134 

Broadcast—grain drill 

80.0 

7.0 

4 

0-12-2 

134 

Broadcast—grain drill 

86.4 

10.7 

5 

Check 

None 


78.3 


6 

2-12-2 

267 

Broadcast—grain drill 

82.4 

3.1 

7 

0-12-0 

267 

Broadcast—^grain drill 

86.9 

6.6 

8 

0-12-2 

267 

Broadcast—grain drill 

88.6 

7.3 

9 

Check 

None 


82.3 


10 

2-12-2 

134 

Both rides of hill 

83.3 

4.6 

11 

0-12-0 

134 

Both rides of hill 

75.4 

0.4 

12 

0-12-2 

134 

Both rides of hill 

83.4 

12.1 

13 

Check 

None 


67.6 


14 

2-12-2 

267 

Both sides of hill 

74.0 

7.2 

15 ' 

0-12-0 

267 

Both sides of hill 

62.7 

-3.2 

16 

0-12-2 

267 

Both rides of hill 

71.9 

6.9 

17 

0-12-2 

267 

Broadcast—grain drill 

69.2 

5.1 

18 

Check 

None 


63.2 


19 

0-12-2 

134 

Both sides of hill 

74.8 

13.2 

20 

0-12-2 

134 

Broadcast—grain drill 

67.0 

6.9 

21 

0-12-2 

134 

Rear of hill 

63.8 

10.3 

22 

Check 

None 


57.0 



in the hiU plots than in the broadcast plots when compared to the adjacent 
0-12-0 plots, but failed to equal the results secured with the 0-12-2 treatments 
in most cases. With the latter mixture the kiU method out- 3 delded the broad¬ 
cast method. Hj]] fertilization upon both sides by the new attachment was 
better than to the rear with the standard attachment. The economy of sma l le r 
applications located at the hill is shown also in this test. For early 
maturity the hill method of com fertilization again proved itself superior 
to broadcasting. 
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Corn on Carrington loam III 

The outline of this test is presented in table 10, with the harvest data. It 
was carried out on a farm near Ames. Kelly’s Improved seed com was used. 


TABLE 10 

Coni fertilizer study on Carrington loam III 


PLOT 

HUUBEfi 

FERTILIZER APPLICATIONS 

ACRE 
YIELDS 
OF CORN 

(70 

POUNDS) 

ACRE 

INCREASES 
BY INTER¬ 
POLATION 
METHOD 

Analysis 

Rate per 
acre 

Method 



pounds 


bushels 

hushes 

1 

Check 

None 


48.9 


2 

2-12-2 

100 

Both sides of hill 

50.3 

1.7 

3 

2-12-2 

100 

One side of hill 

47.4 

-1.0 

4 

2-12-2 

100 

Continuous in row, falling upon “deflectors” 






at bottom of delivery pipes 

48.6 

0.5 

5 

2-12-2 

100 

Continuous in row, direct contact 

45.7 

-2.2 

6 

Check 

None 


47.6 


7 

2-12-2 

200 

|200 pounds 0-12-2 broadcast (limesower)^ 

12.4a 
J35.7b 

0 6 




\21.3 pounds NaNOs both sides of hill J 

48.1 


8 

2-12-2 

200 

150 pounds broadcast (lime sower) and 50 






pounds both sides of hill 

51.9 

4.5 

9 

2-12-2 

200 

Both sides of hill 

52.1 

4.8 

10 

2-12-2 

200 

Broadcast (limesower) 

50.1 


11 

Check 

None 


47.0 


12 

2-12-2 

150 

fl50 pounds 0-12-2 broadcast (grain drill)! 

fir.ia 

j25.6b 

—4 3 




\l6 pounds NaNOs both of sides hill / 

[42.7 


13 

2-12-2 

150 

Broadcast (grain drill) 

45.7 

-1.3 

14 

2-12-2 

150 

100 poimds broadcast (grain drill) and 50 

46.6 

-0.3 




pounds both sides of hill 



15 

2-12-2 

300 

200 pounds broadcast (grain drill) and 100 






pounds both sides of hill 

44.0 

-2.9 

16 

Check 

None 


46.9 


17 

2-12-2 

300 

Broadcast (grain drill) 

49.9 

3.1 

18 

2-12-2 

100 

Both sides of hill 

51.3 

4.6 

19 

2-12-2 

100 

Rear of hill 

47.6 


20 

2-12-2 

300 

Broadcast (limesower) 

47.7 

1.2 

21 

Check 

None 


1 46.4 


22 

2-12-2 

100 

Broadcast (limesower) 

49.1 

2.8 

23 

2-12-2 

100 

One side of hill 

1 51.6 

5.4 

24 

2-12-2 

100 

Rear of hill 

48.4 

2.3 

25 

2-12-2 

100 

Broadcast (grain drill) 

48.4 

2.4 

26 

Check 

None 


45.9 

1 



a = 2 inside rows, 
b = 2 outside rows. 


The plots were iV acre in size, 4 rows wide and 89 hills long. Plot 23 was in¬ 
tended to be a both sides of the MU treatment but as one of the rods operating 
the fertilizer dump valves on the right seed shank broke, the treatment was 
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TABLE 11 

Potato fertilizer study <m Carrington fine sandy loam 


PLOT 

KxncBEa 

METHODS or rERTILlZER APPLICATION (1600 POUNDS PER ACRE OF 3-12-4) 

i 

ACRE 

■FIELDS 

ACRE 

INCREASES 
BY INTER¬ 
POLATION 
METHOD 

1 

Check—^unfertilized 

bushds 

155.0 

buskds 

2 

Sides lower plane —^narrow spread 

217.0 

61.7 

3 

i fertilizer helow seed and J at sides same plane —^narrow 
spread 

201.0 

i 45.4 

4 

i fertilizer in made-up ridge ahead of planting and i at sides 

187.5 

31.6 

5 

same plane —narrow spread 

J fertilizer in made-up ridge ahead of planting and J at sides 
same plane —^narrow spread 

199 5 

43.3 

6 

Check—^unfertilized 

156.5 


7 

Made-up ridge ahead of planting 

194.5 

39.7 

8 

Sides same plane —^wide spread 

192.5 

39.4 

9 

Sides same plane —^narrow spread 

205 0 

53.6 

10 

Made-up ridge ahead of planting 

172 0 

22.3 

11 

Check—unfertilized 

148.0 


12 

Sides same plane —wide q)read 

189.0 

40.1 

13 

Sides lower plane —^narrow spread 

215.0 

65.2 

14 

Sides same plane —^narrow spread 

199.5 

48.9 

IS 

Check—^unfertilized 

151.5 


16 

i fertilizer helow seed and } at sides same plane —^narrow 
spread 

198 0 

47.8 

17 

Above seed with soil interposed, wide spread 

165 0 

16.2 

18 

Above seed with soil interposed, narrow spread 

161.5 

14.1 

19 

Check — ^unfertilized 

146 0 


20 

i fertilizer above seed and J at sides same plane — ^narrow 
spread 

182.5 

38.9 

21 

Direct contact in row (1600 pounds per acre) 

117.0 

-24.2 

22 

Mixed with soil in row (1600 pounds per acre) 

131.0 

-7.8 

23 

Direct contact in row (400 pounds per acre) 

149.5 

13.1 

24 

Check—unfertilized 

134.0 



(0-16-0 applied in this part of the study) 


25 

Direct contact in row (400 pounds per acre) 

137.5 

1.2 

26 

Sides same plane, narrow spread (400 pounds per acre) 

: 168.5 

I 29.9 

27 

Check-unfertilized 

141.0 


28 

Made-up ridge ahead of planting (400 pounds per acre) 

1 172 0 

31.3 

29 

Above seed with soil interposed, wide spread (400 pounds per 




acre) 

146.0 

5.7 

30 

i fertilizer above seed and | at sides same plane, narrow 




spread (400 pounds per acre) 

170.5 

30.6 

31 

Check—^unfertilized 

139.5 


32 

Sides same planer—nanovr spread (1200 pounds per acre) 

179.0 

37.8 

33 

Sides same plane —^narrow spread (1600 pounds per acre) 

180.5 

37.6 

34 

Sides same plane —^narrow spread (SOO pounds per acre) 

179.0 

34.4 

35 

Sides same narrow spread (2400 pounds per acre) 

191.0 

44.7 

36 

Check—^unfertilized 

148.0 
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ofie side of hill. The side-kill attachment on the right seed shank was set in too 
closely, so that a part of the fertilizer fell in direct contact with the corn kernels 
in the hill. This location proved quite injurious to the germination where the 
nitrate of soda wns checked at the hills in plots 7 and 12. The outer rows of 
these plots planted vdth the left shank were of average stand. 

The jdelds obtained in this experiment are small, but the comparisons are 
quite definite. The conclusion seems warranted that the hUl methods of 
fertilizer application were better than the broadcast methods. The sides of hUl 
location also seemed superior to the rear of hill location. No conclusions can 
be drawn from the results with the split applications 

Potatoes on Carrington fine sa^tdy loam 

This experiment was carried out on a farm near Clear Lake, Iowa. Two 
rows of Rural New Yorker seed were planted in each plot with a 3-foot interval 
between the rows. The rows were each 64 rods long, thus making plots of 
approximately 4 acre. A new Iron Age Automatic potato planter was used. 

Table 11 gives the outline of the test with the har\"est results. The fer¬ 
tilizers used were Armour's 3-12-4 Big Crop brand, and 16 per cent acid phos¬ 
phate. All of the made-up ridge fertilizer applications were secured by using 
the planter to apply the fertDizer as a separate operation with wide set of the 
delivery pipes, then shutting off the fertilizer attachment and retracing the 
ridges to plant the seed. The mixed with the soil in the row condition was 
secured with the same adjustment as in the direct contact method, except that 
a log-chain was looped back and forth from the opening discs and allowed to 
drag in the seed row just ahead of the seed delivery chute. 

It appears from the data in the table, that applications of large amounts of 
high-anal>’sis, readily-soluble fertilizers direct contact in the row with the seed 
reduced the yields. Applied in this manner, 1600 pounds per acre of fertilizer 
actually decreased the }deld by about 30 bushels below the average of all of 
the checks. Mixing the same amount of fertilizer with the soil in the row 
tended to minimize the injur>^ but did not eliminate it. 

Applications of small amounts of fertilizer direct contact in the rows with the 
seed sometimes gave increased fields, but the results cannot be said to equal 
those secured with better methods of application. 

The best method of fertilizer application seemed to be the sides lower plam 
location. Increases of over 60 bushels per acre were secured by this method. 

The made-tip ridge plots failed to indicate any definite facts, and no con¬ 
clusions can be drawn regarding the practice of splitting the fertilizer appli¬ 
cations. 


CONCLUSIONS 

These experiments must be repeated upon numerous soil types and over a 
series of years before definite conclusions can be drawn and a satisfactory 
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fertilizer practice worked out for each of the various crops. The results 
reported, however, indicate some very worthwhile suggestions. 

In fertilizing cereals like oats and wheat, the use of a combination fertilizer- 
grain drill is recommended. Moderate applications of non-caustic fertilizers 
gave the most economical returns by this direct contact in the seed rows method. 
As much as 400 pounds per acre of 16 per cent acid phosphate or 300 pounds 
of commercial 2-12-2 fertilizer were drilled v^lth the seed without appreciable 
injury to germination and hence resulting decreased }delds. 

Larger applications than these or the distribution of fertilizers containing 
caustic ingredients like Cyanamid, should be made separately from the seeding. 
The best yields with the Cyanamid came from broadcasting it ten days in 
advance of the seeding. For large applications of non-caustic fertilizers, the 
best method appeared to be a splitting of the total application between the 
drilled direct coniact in the seed rows method and the oroadcast method. 

These tests showed no advantage in spring applications, either for the entire 
fertilizer application or for a part of it. The drilling of the fertilizer as a 
separate operation to the seeding, no matter what the depth or the time period 
before the seeding, was not equal to the direct co^itact method, provided of course 
moderate amounts of the non-caustic fertilizers were used. The use of a 
second set of deliver}*' pipes for distributing the fertilizer ohoie the seed-row 
was found to safeguard the germination, but failed to give benefits warranting 
their adoption. Where broadcast applications of fertilizers were made with a 
limesower or by other means upon the seedbed sxirface, the best results were 
secured when the fertilizer was worked into the soil by thorough discing. 

In the fertilization of com, the hill methods appeared equal to or even supe¬ 
rior to the broadcast method if the fertilizer was not delivered direct contact into 
the hills uith the seed. Earlier maturity was secured with the hill method. 

Comparisons of the two hill methods—the rear of hill with the sides of hill — 
indicated that the latter was preferable. It cannot give the direct contact 
in the hill location as the rear of hill method often does (because of a deranged 
adjustment of the fertilizer attachment) and hence the sides method is recom¬ 
mended over the rear method for preventing injury to seed germination. 

A satisfactory design of attachment is needed to guarantee the sides location 
of the fertilizer for all machines sowing seeds in wide rows or in hills, such as 
corn, cotton, beets, and potatoes. In fact, the sides lower plane location for 
the fertilizer gave the best yields of potatoes in these Iowa tests. 

REFERENCE 

(1) Coe, D. G. 1926. The effects of various methods of applying fertilizers on crops and 
on certain soil conditions. In Soil Sci., v. 21, p. 7-21. 
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INTRODUCTION 

Although a considerable amount of work has been done upon the bacteria 
in soil, no one apparently has made a comparative study of the number and 
types of bacteria in ecologically equivalent types of soil in different regions. It 
was, therefore, with this aim in view that the series of studies, of which this is 
the first, was started. The type of soil selected for the study was arid, wind¬ 
blown soil, such as is found in the dunes along the coast and around Lake 
Michigan, and in the dry regions in the interior of the continent. 

In order to facilitate the handling of such a comprehensive piece of work, the 
approach was made through the study of certain types of aerobic bacteria 
that grow in ordinary culture media. Should the study of these forms prove 
to be of value, the work probably will be extended to those forms which require 
special culture conditions.^ 

METHODS AND MATERIALS 
Colleciimi of samples 

The soil was collected with a trowel at three places 10 to 15 feet apart, 
from depths of 6, 12, and 24 inches. It was thoroughly mixed in quart jars, 
which had previously been scrubbed out with the same soil, one jar being used 
for each depth. 

Study of the soil 

Water content. At the time of collection the water content of the soil was 
determined. The soil was not oven-dried, becaxise of lack of temperature con¬ 
trol, but was exposed, with repeated stirrings, to the Arizona sunshine until 
the weight was constant. 

Water capacity. The water capacity was tested some time after the soil was 
collected. As the quantity of soil was limited, 10 cc. of distilled water was allowed 

^ The work included in the present report was carried on at the Desert Laboratory of the 
Carnegie Institution of Washington. The author wishes, therefore, to express her deep appre¬ 
ciation of the courtesy and assistance extended by Director MacDougal, and the other 
members of the laboratory. The photographs of Pantana Wash were taken by Mrs. Strick¬ 
land and Mr. Godfrey Sykes of the Desert Laboratory. 
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to percolate through a weighed amount of the oven-dried sample, the percolate 
was collected, and the capacity was calculated. This was checked by weighing. 

Size of soil particles, A rough analysis was made by passing the soil through 
a series of sieves and bolting cloth vdth apertures ha\T[ng diameters of 2 mm., 
1 mm., 0.5 mm., and approximately 0.124 mm. respectively. 

Combustible material. Oven-dried soil was weighed on an asbestos plate of 
known weight. It was then heated and stirred until there was no further 
e^^[dence of combustion. After this it vras heated a few minutes longer 
and reweighed. The asbestos plate was also reweighed and the loss calcu¬ 
lated. 

Reacfmi of the soil. The importance of the soil reaction became evident 
when, after the soil had stood almost two years, the test was made. As the 
soil had been kept perfectly dry during this time, no great chemical change 
seemed possible. The test was made by adding 1 gm. of soil to S cc. of distilled 
water, as advocated by Joseph and Martin (31) and used by Atkins (4) and 
others. To the mixture of soil and water was added 10 drops of indicator, 
made according to Gillespie’s directions (25). The mixture was shaken re¬ 
peatedly for about half an hour. As the soil was light and settled rather 
quickly, it was not decanted nor centrifuged. After the soil had settled the 
liquid was matched with the indicator chart of Clark (11). 

Water-soluble salts. Considering the chemical composition of the soil, the 
water-soluble salts, particularly the chlorides, carbonates, sulfates and nitrates, 
are probably the most significant from the standpoint of bacterial flora. An 
analysis on this basis w 2 ls made, therefore, according to the method given in 
Official and Tentative Methods of Analysis (2).^ 

Plating 

Due to an unavoidable delay, the soil was plated 36 hours after collection. 
Dilutions of 1:10,000; 1:100,000; and 1:1,000,000 were made by shaking the 
required amount of soil in the proper amount of distilled water, for two or 
three minutes, and allowing the heavy particles to settle. According to 
Hiltner and Stdrmer (28) adequate shaking removes the bacteria from soil 
particles and a transfer of portions of the soil, as advocated by Wyant (59) 
is unnecessary. Three, or six, plates were poured from each dilution for each 
sample, in nutrose agar, made according to a modification of the formula 
suggested by Waksman and Fred (57). Five-tenths per cent nutrose was 
used, the sugar was omitted and the salts were supplied by tap water. 

Counting 

The counting was done with the naked eye, supplemented by a lens whenever 
threre was any doubt regarding the colonies. 

* Tbe analysis was made by Miss Miriam Dice, under the direction of Dr. Mary A. Griggs, 
Associate Professor of Chemistry, Wellesley College, to whom the writer presents her sincere 
thanks. 
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Isolation of forms 

From the original plates 84 colonies were fished and streaked on nutrose agar. 
From 4 of these 2 were separated, making a total of 88 streaks. Actinomycetes 
were avoided in this selection whenever their nature was evident. These 
cultures were placed in cold storage in Tucson for the summer, and shipped to 
Wellesley in August.® Here those that were still alive were transferred to 
nutrient agar (made from 1.5 per cent Difeo Dehydrated Nutrient Agar) and 
kept as stock cultures, for further study. 

Study of morphology 

Slides were made from these cultures and stained, first by Gram's methed, as 
modified by Sterling [Hiss and Zinsser (29, p. 103)]. When this staining did 
not show the form clearly, Loeffler’s methylene blue, or Ziehl’s carbol fuAsin, 
was used. On account of pressure of work, the motility cf the forms escaped 
attention until many had died. 


Culture reactions 

Glucose gelatin. Glucose gelatin was made by adding 10 gm. of glucose and 
0.5 cc. each of a 1.6 per cent solution of brom-cresol-purple and cresol-red 
to a liter of gelatin, made from Difeo Dehydrated Nutrient Gelatin. This 
formula is that suggested by the Committee of the Society of American Bac¬ 
teriologists (42, p. A 10). With this medium the reaction of the bacteria to 
glucose and their ability to digest gelatin, and, in the case of the non-liquefiers, 
their relation to oxygen, could be observed. 

Sucrose hroth. Sucrose broth was made by adding sucrose and indicators, 
as in the case of glucose gelatin, to Difeo Dehydrated Nutrient Broth, and 
tubing it in Dunham’s fermentation tubes. 

Purple milk. Purple milk, made from Difeo Dehydrated Purple iMilk, was 
used to test fermentation of lactose, production of rennin, and digestion of 
casein. 

Nitrate broth. Nitrate broth was made by adding 0.02 per cent potassium 
nitrate to Difeo Dehydrated Nutrient Broth. Griess’ sulfanilic acid test, given 
by Fred (23) was used for testing the presence of nitrites. 

EXPERIMENTS AND RESULTS 
Study of the soil 

Sitmtion, The place selected for the collection of the soil was upon the 
southeast bank of Pantana Wash, at the left of the bridge by which theTanque 
Verde Road crosses the wash, a short distance from Tucson. The situation 
was on top of the high bank and, although in time of flood the wash contains 


^Througli the courtesy of Mr. Godfrey Sykes. 
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water, the author was assured that the place selected had probably had no water 
on it, except rain, for at least four years. (See plate 1.) In this connection the 
following data regarding the annual rainfall were given in an article by Mac- 
Dougal (41) and supplemented by information from the Desert Laboratory. 


Rainfall at the Desert Laboratory 


1918 .. 

1919.. . 

1920.. . 

1921.. . 

1922.. . 

1923.. . 
Average 


inches 

10.37 

19.66 

10.51 

15.93 

10.53 

12.61 

13.27 


This, according to Lipman (38) would be classified as a “truly arid soil.’’ The 
surface was bare, except for scattered shrubs (see plate 2) and the soil was quite 
dry and moving with the wind. The collection was made on April 18, 1923. 


TABLE 1 


Water content of soil 


DEPTR 

W*E1GHT 

WATER 

M Start 

1 Af drying 

Loss 

inches 

sm. 

1 «w. 

gm. 

per cent of dry soil 

6 1 

200 

1 198.10 

1.90 

0.95 

12 

200 


5.30 

2.65 

24 

200 

HUH 

4.85 

2.43 


TABLE 2 

Water capacity of soil 


DEPTH 

AHODHTS TTSEO 

SoU 1 Water 

PERCOLATED 

WATER 

RETAINED ABATER 

WATER 

inches 

gm. 

cc. 

CC. 

CC, 

per cent of dry soil 

6 

10 00 

10 

7.2 

2 SO 

28 

12 

8 75 

10 

7.8 

2.20 

25 

24 

10 00 

10 ! 

7.0 

3 00 

30 


TABLE 3 

Combustible material in the soil 


DEPTH 

BETORE 

BUR^G 

ATTER 

BURNDTO 

TOTAL LOSS 

LOSS 

OP PLATE 

LOSS 
or SOIL 

WATER 

inciies 

6 

12 

24 

gm» 

50 

50 

50 

gm, 

49.2 

48.7 

46.0 

gm. 

0.8 

1.3 

4.0 

gm, 

0.1 

0 2 

3.0 

gm. 

0.7 

1.1 

1.0 

par cent 
of dry soil 

1.4 

2.2 

2.0 




































BACTERIAL ELORA OP WIND-BLOWN SOIL 


147 


Water content. The water content, tested April 18 and 19, 1923, is shown in 
table 1. 

Water capacity. The water capacity, tested March 25, 1925, is shown in 
table 2. 

Combustible material. The amount of combustible material, determined 
June 16, 1924, is shown in table 3. 

Size of soil particles. Table 4 shows the sizes of soil particles in 100 gm. of 
dry soil tested on June 16, 1924. 


TABLE 4 

Various sized particles in 100 gm. of dry soil 


DEPTH 

>2 MV. 

BB 

0.5-1 MM. 

TOTAL 



TOTAL 

inches 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

6 

0.05 

0.20 

3.40 

3.65 

mSM 

39.70 

96.40 

12 


1.20 

4.40 

6.20 


55.40 

93.60 

24 


0.50 

2.30 

2.85 

HI 

57.10 

97.20 


TABLE S 

Summary of the physical characters of the soil 


DEPTH 

WATER 

CONTENT 

WATER 

CAPACITY 

PARTICLES 
PELOW 0 5 MM. 

COMBirSTlBLC 

MATERIAL 

RELATI\'E 

WATER 

CONTENT* 

OPTianm 

WATER 

CONTENTt 

inches 

percent 

percent 

percent 

per cent 

1 per cent 

Percent 

6 

0.95 

28 

96.4 

1.4 

3.4 

19.6 

12 

2.65 

25 

93.6 

2.2 


17.5 

24 

2.43 . 

30 

97.2 

2.0 i 

1 8.1 

21.0 


, . . , , watercontent 

• By relative water content is meant the ratio —- tT"* 

water capacity 

t Optimum water content is taken to be 70 per cent of capacity. 


TABLE 6 

Eydrogen^on conceniraHon of the soil 


DEPTH 

THYMOL BLUE 

CRESOL RED 

inches 

PB 

PB 

6 

9.0 

8.8 

12 

8.6 

8.6 

24 

8.8 

9.0 


From the comparison given in table 5 it appears that, ^though the differ¬ 
ences are slight, at 12 inches this particular soil is a little coarser than at 6 or 24 
inches, with a correspondingly lower water capacity. It also contains a little 
more combustible material and has a little higher actual and relative water 
content. 

ReacHon of the soil. The hydrogen-ion concentration of the soil, tested 
February 28, 1925, is shown in table 6. 
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As this was so close to the range limit of Cresol red, the experiment was 
again repeated, this time with Thymol blue. This second test agreed exactly 
with the first one made with this indicator and was accepted as correct. 

Water-soliMe salts. The analysis was made in June, 1925, two years after 
the soil was collected. As the soil had been kept perfectly dry and tightly 
closed, probably the only change which might have taken place is a loss of 
carbon dioxide, which woidd probably have been lost in equal amount, if at all, 
from all three samples. The figures given in table 7 are the results of duplicate 
tests, which were either identical or checked rather closely. In the latter case 
the average is given. The percentages are for dry soil. 


TABLE 7 

Water-soluble salts in the soil 


DEPTH 

TOTAL SALTS 

Cl 

COi 

SO 4 

OTHER SALTS 

inches 

percent 

percent 

percent 

percent 

percent 

6 



0.0090 

O.OOlih 

mS&m 

12 


0.0151 

0.0204 

0.0018 

BBH 

24 

0.0284 


0.0087 

Trace 

■Bl 


T.\BLE 8 

Average numbers of organisms per gram of fresh soil 


DEPTH 

DILUTION* 

lOTMBER OP 
PLATES 

APTB& 6 DAYS 

APTER 10 DAYS 

AVERAGE 10 DAYS 

inches 






6 

1 : 10,000 

6 

238,000 

352,000 



1 : 100,000 

6 

320,000 

450,000 

401,000 

12 

1 : 10,000 

3 

1,560,000 




1 : 100,000 

6 

1,367,000 

1,867,000 

1,898,500 

24 

1 : 10,000 

6 

425,000 

783,000 



1 : 100,000 

6 

650,000 


916,500 


* The number of colonies was so small on the 1:1,000,000 dilution plates that the count 
was not considered. 


The figures under “other salts” in table 7 were obtained by subtraction from 
total salts and, therefore, contain the various cations of the anions given, plus 
the nitrates and traces of anything else soluble. If the cations were eliminated 
the 12«inch sample would be reduced more than the 6-inch or 24-inch samples, 
and this would make the difference in the nitrate content still greater. 

As the 12-inch layer, although containing the most carbonates, has the 
lowest hydroxyl-ion concentration, it would seem that the carbonate cannot 
be the sodium salt, since, according to Atkins (3) very little of this salt is 
needed to raise the alkalinity to pH 10. He considers that the hydrogen-ion 
concentration is dynamic, that it varies with temperature, water content and 
other factors, and that it is a waste of time to try to measure it with great 
care and accuracy. 
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The numbers of organism in the soil 

The results shown in table 8 take into consideration only the fungi, actino- 
mycetes, yeasts, and bacteria which grow under the conditions of the experi¬ 
ment. The plates were poured on April 20,1923 and were counted after 6 and 
10 days incubation at room temperature. 

The numbers in table 8 were calculated per gram of fresh soil, according to 
the method proposed by Waksman (55). Reduced to number per gram of dry 
soil the figures become, for 6 inches 405,050 per gm.; for 12 inches, 1,957,216 
per gm.; and for 24 inches, 935,204 per gm. 

One set of plates for each depth was selected as showing the most varied 
assortment of colonies. A count was made and recorded in table 9. In this 


TABLE 9 

The numhers of colonies of various forms found on plates 


DEPTH 

DILUTION 

mruBER 
OP PL4TES 

TOTAL 

NUMBER 

4CnNOaf\CETES 

FUNGI 

TEASTS, BACIERU 

inches 



1 


per cent 


per cent 


percent 

6 

1 :10,000 

6 

200 

97 

48.50 



102 


12 

1 :100,000 

5 

99 

47 

47.47 


Dl 

51 

51.51 

24 

1 :10,000 

6 

470 

259 

55 01 

4 

mi 

207 

44.04 

AU. 

17 

769 

403 

52 40 

6 

0.77 

306 

46.81 


TABLE 10 

Colored bacteria, or yeasts, on the plates 


DEPTH 

TOTAL 
NUMBER OP 
COLONIES 

WHITE 

YELLOW 

ORANGE 


FLUO¬ 

RESCENT 

BROWN 

inches 


percent 

percent 

percent 

percmt 

percent 

percent 

6 

102 

85.29 

7.84 

0.98 

1.96 


2.94 

12 

51 

90 19 

5.88 

0.00 



3.92 

24 

207 

89.37 

5.79 

0 00 

0.96 

1.93 i 

1.93 

AU. 

360 

88.33 

6 39 

0.28 

1.11 

1 39 

2.50 


table and in subsequent discussions “bacteria” is used to indicate the lower 
forms and does not indude the actinomycetes. 

Considering those colonies without the recognizable character of fungi or 
actinomycetes, as bacteria or yeasts, a coimt was made of the various colors 
appearing on the plates. The results are shown in table 10. 

As is usual, white forms predominate, but the striking point in the above 
table is the general scarcity of colored forms on plates which had been selected 
for the greatest variation in forms- 

It should be noted, in regard to the counts given in tables 9 and 10, that some 
of the colonies dassified as bacteria, or yeasts, may have been actinomycetes in 
an early stage of devdopment, before their characteristic appearance was evi- 
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dent. That this is probably true is shown by the fact that some of the colonies 
that were streaked for slock cultures, proved later to be actinomycetes. In 
this connection it is interesting to consider the relative numbers of actino- 
mycetes, bacteria, and yeasts, and the distribution of colors in the stock cul¬ 
tures as shown in tables 11 and 12. It will be understood that, in fishing 
colonies for pure cultures, the effort was made to secure as many different kinds 
as possible, hence the proportions of colored forms do not agree with those 
found in plate counts, where many colonies were ot the same kind. 


TABLE 11 

Numbers of various forms fished for pure cultures 


DEPTH 

TOTAL NTTICBEE 

achhomyceies 

YEASTS 

BACTERIA 

UNDDIEaMINED* 

inches 

6 

26 

2 

1 

21 

2 

12 

27 

3 

1 

20 

3 

24 

35 

1 

4 

13 

17 

All. 

88 

6 

6 

54 

22 


* These cultures died before their morphology was studied. 


TABLE 12 

Distribution of color in forms fished for pure cultures 


DEPTH 

TOTAL 

NUMBER* 

WHITE, GREY OR CREAM 

YELLOW OR ORANGE 

RED OR PDTK 

BRORN 

inches 

6 

24 

18 


5 

per cent 

20.8 

1 

per cent 

4.2 



12 

26 

20 


5 

19.2 

1 

3.8 

0 

0 

24 

23 

13 

mBi 

8 

34.8 

1 

4.3 

1 

4.3 

AIL... 

73 

51 

60.9 

IS 

24 7 

3 

4 1 

1 

1.4 


* Some of the streaks did not grow, and no color could be determined 


The snidy of pure cultures 

The original cultures isolated in 1923 were transferred at intervals and care¬ 
ful observations were made to insure, as far as possible, purity of cultures and 
healthy growth. The total number of forms under observation was 88. 
Cultures died out as time went on, others were lost by contamination, in others 
two forms were separated, and still others proved, upon study, to be actino¬ 
mycetes or yeasts and were not carried further. At the end of the work 38 
were growing normally, 38 had died out or been lost by contamination, 6 were 
classified as yeasts and 6 as actinomycetes. In tables 11 and 12 may be seen 
the numbers of the various forms and the distribution of colors in the bacteria 
and yeasts. 

Morphology. Cultures 10 days old were stained by Grain’s method and 
studied. Interpretation was difficult in some cases and more slides were made 
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at intervals, during the course of the work, and stained in various ways. 
Table 13 is a summary of the results. 

From table 13 it will be seen that a little over a half (57.4 per cent) were non¬ 
spore-bearing forms, whereas 42.6 per cent formed spores. About half of the 
spore-formers were Gram-positive, and made up the bulk of those tglring this 
stain; 10 out of 13 coccus (or coccoid) forms, 8 out of 11 short rods and 5 out of 
7 non-spore-bearing long rods were Gram-negative. 

Culture reactions. All culture reactions were run in duplicate and repeated 
whenever the two tubes did not agree. A summar}" of the production of acid 


TABLE 13 

Summary of the morphology of bacteria in pure cultures 


SEFTB 

TOTAL 

NUMBER 

coccus OR 

COCCOID 

SMALL RODS 

LONG RODS 

gram’s STAIN 

Spores 

None 

Negative 

Po<stive 

inches 


^eent 

pet cent 

percent 

percent 

percent 

percent 

6 

21 

33.30 

23.80 

33 30 

9.50 



12 

20 

15.00 

15.00 

55.00 

15.00 



24 

13 

23.10 

23.10 

38.40 

15.40 

61.50 

38.50 

All. 

54 

24.10 

20 40 

42.60 

12 9 

64.80 

35 20 


T.4BLE 14 

Summary of cuUure reactions at the end of 2 weeks 


DEPTH 

BACTERIA CAUSINO ACID TERMENTATION 07 SUG4R8 

BAGTBRU DIGESTINO 

BACTERIA 

REDUCINO 

NTERAIESTO 

NXIRIXSS 

Glucose 

Sucrose 

Lactose 

Gelatin 

Casein 

inches 


percent 


percent 


percent 


percent 


\percent 


percent 

6 

5 

25.0 

1 

5.6 

0 

0 

14 

70.0 

9 


5 

27.8 

12 

9 

47.4 

8 

47.1 

0 

0 

13 

72.2 

13 

76 A 

8 

47.1 

24 

4 

33.3 

4 

36.4 

1? 

9.0? 

10 

71.4 

4 

36.4 

2 

18.2 

All. 



13 

28 3 

1? 

2.20? 

37 

72 5 

26 

56.5 

15 

32.6 


in sugars, the digestion of gelatin and casein and the reduction of nitrates, 
after 2 weeks incubation at room temperature, is given in table 14. 


a. Glucose gelatin was inoculated on January 5, 1924, and observed after 2, 4, 7 and 14 
days. No gas was observed at any time. 

b. Dunham’s fermentation tubes of sucrose broth were inoculated on July 8 and 16, 1924, 
and observed after 2,4, 8 and 15 days. No gas was observed at any time. 

c. Purple milk was inoculated on July 16,1924, and observed after 2,7 and 14 days. The 
fonns acted upon lactose more slowly than upon glucose or sucrose and there was no observ¬ 
able change in 2 days. There was no coagulation at any time. 

d. Nitrate broth was inoculated on July 16,1924, and tested for nitrites at the end of 1 and 
2 weeks. 

Of the liquefiers 22 showed distinct liquefaction on the fourth day and 15 in 
one to two weeks. It was not found possible to group the forms into all the 









































1S2 


LAETITIA M. SNOW 


types suggested by Conn (13, 15, 19). The actinomycetes formed a clearly 
defined group. The cocci, none of which fermented sugars were about evenly 
divided among rapid, slow, and non-liquefiers. The proportion of rapid to slow 
to non-liquefiers in the small rods and coccoid forms was 6:3:6; in the long 
spore-bearing rods, 12:4:7; and in the long non-spore-bearing rods, 2:4:1. 

From table 14 it appears that bacteria living at 12 inches from the surface 
in this soil are, in general, more active in their chemical processes than those 
living at 6 or 24 inches, since the largest percentages of acid formers, of casein 
and gelatin digesters, and of nitrate reducers were found at this depth. 

It is to be regretted that so many forms died during the process of the work, 
which was unavoidably extended over 2 years. Had it been possible to con¬ 
centrate the work the numbers would have been larger and the results more 
convincing. 


DISCUSSION 

Although the significance of this work can be brought out only after the data 
for other regions are complete, it is advisable to bring together in brief form 
the results obtained for this type of soil in comparison with those obtained by 
other investigators. 

A review of the literature relating to bacterial counts at various depths, 
brings out a rather uniformly consistent opinion that the greatest number is in 
the upper 6 to 8 inches, regardless of the character of the soil studied (5, 10, 
28, 39, S3, 54). In a number of instances (8, 5, 32, 53) 4 inches gave the 
maximum count. From this upper layer of great abundance the numbers 
in general, decrease with depth. Frankel (22) is sometimes quoted as having 
found the highest number at | meter. A careful study of his tables, however, 
shows that the majority of them give no data between the surface and J meter. 
Those instances, therefore, in which the maximum number was at this point, 
have no significance except that the maximum was not at the surface, as it was 
in a large proportion of cases. Reimers (47) also used, in general, 1-meter 
and |-meter intervals, and his “surface” seems to refer to the whole layer of 
loose surface soil, which varied considerably in thickness. 

In the Tucson soil, of the three layers studied, the largest number of bac¬ 
teria occurred in the 12 inch stratum, the next largest in the 24 inch layer, 
and the smallest number at 6 inches from the surface. At 12 inches the average 
number was 1,957,216 per gram of dry soil and at 24 inches 935,204. A com¬ 
parison of these figures with the results of Chester (10)—75,000 to 124,000 
at 12 inches and 4,000 at 24 inches—suggests that in arid soil the whole curve 
representing numbers to depth, shifts downward. The fact that bacteria 
penetrate to greater depths in arid soils than in those of humid regions, is 
discussed by lipman in several articles (37,38,39). 

The work of Cutler, et al. (20) indicates that there are two maxima for the 
bacterial count in the year, one at the end of June and the other at the end of 
November. If this be true for all regions, tihe soil was collected at Tucson 
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about half way between a maximum and a minimum, and should, therefore, 
be a fair average. As daily platings were not made, the fluctuations de¬ 
scribed by Cutler were not noted, or taken into account. 

In considering the factors which might be responsible for the distribution of 
bacteria in the Tucson soil, the most obvious is lack of water. As has been 
indicated, the average annual rainfall for the year in which the collection was 
made, and for the five years previous was 13.27 inches. This, combined with 
the data in tables 1 and 2, shows that the soil is exceedingly dry. 

The effect of moisture upon the numbers of bacteria in soil has been consid¬ 
ered by a number of investigators. The problem of the bacterial count in arid 
soil, however, involves more than a consideration of the effect of soil moisture 
upon the number of bacteria in experimental pots. Pot cultures, to which 
certain amoxmts of water are added, or which are allowed to dry out, cannot 
duplicate exactly the conditions in the field. That drying out of such soil 
should give a decrease in the number of bacteria, seems reasonable (46), but 
the work of Waksman (53) indicates that the variation in number does not 
always agree with the variations in moisture content. There is also consider¬ 
able disagreement in the numbers of bacteria in soil sampled in the open. 
Sampling under various conditions led Waksman (56) to conclude that a long 
dry spell decreases the number of bacteria, whereas a wet spell increases it. 
Prescott (45) found a decrease in number of bacteria in Egyptian soil after the 
summer fallow period, during which the soil bakes. Cutler, et al. (20), on the 
other hand, foimd, by daily platings, that there were great and unaccountable 
variations in the numbers, which did not coincide with variations in soil mois¬ 
ture, rainfall, soil temperature, nor seasonal temperature. This great variation 
is confirmed by Engberding (21), whose curves of bacterial counts show great 
irregularities, but the greater peaks and hollows of which agree roughly with 
the curve of monthly precipitation. Russell (49) also noted the same phe¬ 
nomenon of great and irregular variation, but attributed it to variations in 
protozoal content. It is quite conceivable that a bacterial flora adapted to 
moist conditions might be much more sensitive to variations in soil moisture 
than one which had adapted itself to dry conditions. A careful study of this 
problem would probably yield interesting results. 

Although the soil at Tucson was loose and sandy in appearance, a rough 
analysis riiowed that a large proportion was of fine material, a characteristic 
which will probably be of importance in future comparisons. Notwithstand¬ 
ing this fine character, the water capacity was low, partly, no doubt, because 
of the small amount of organic material. The reaction of the soil was very 
alkaline (pH 8.6 to 9) and the upper layer had the highest pH value. This 
test was made about two years after the collection of the samples, which had, 
nevertheless, been kept tightly closed and dry during the interval. Accord¬ 
ing to several observers (1, 7, 48), soil, especially that on the alkaline side of 
neutrality, becomes more acid upon storage and drying. The results sub¬ 
mitted in table 6, therefore, are probably more acid than they would have been 
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with fresh soil. Arrhenius (1) states that 14 days standing has no effect upon 
the reaction, but he cautions against long storage. The data for wind-blown 
soils have been gathered from coastal dunes, and will be discussed in the second 
part of the work. 

Stewart (52) has made many chemical analyses of Utah soils, some with, 
and others without, “alkali.” By comparing his tables with table 7 many 
interesting points may be noted. Except for certain “surface” collections, 
his first sample was taken at a depth of 12 inches, and the others at 1-foot 
intervals. In his tables the percentages are given for definite salts rather than 
for the atomic groups as in the analysis of the Tucson soil, consequently only 
approximate comparisons can be made. In all his analyses, except for one 
surface—^non-alkali—soil, the percentages of total salts are much higher than 
in the Tucson soil, and since the chlorides, carbonates, and nitrates are fairly 
comparable, the difference lies chiefly in the sulfate content. The percentages 
of total salts and of individual salts, except nitrates, increased downward 
in the Utah soils, whereas in the Tucson soil the highest percentages of these 
salts was at 12 inches. The tendency for the nitrates to accumulate in the 
upper layer agrees with Stewart’s analyses. 

The fact that the 12 inch layer contained the most soluble salts, except 
nitrates, and also had the highest bacterial coimt, suggests that in these con¬ 
centrations, chlorides, carbonates and sulfates may be stimulating. There has 
been a considerable amount of work upon the effect of salts upon the develop¬ 
ment and activities of bacteria, but since the investigators have used different 
amounts of the salts, different criteria for evidence of effect, and different 
conditions under which the experiments were conducted, it is exceedingly 
diflScult to correlate the results, Lipman (34) found that NaaCOs stimulated 
ammonifying bacteria, but that neither NaCl nor NaoSO* had that action. 
Greaves (26) found that the common soil alkalies, NaCl, CaCl 2 Na^SO^ and 
NaNOs were toxic to these bacteria; that there was no stimulatmg action in 
any concentration of NaCl, CaCNOsk ^Cl, ElaSO^, Mg(N08)2 or Na 2 S 04 , but 
that the other salts used stimulated this process at some concentration. 
Fred and Hart (24) report that CaS 04 stimulates ammoniScation. With 
respect to nitrif 3 dng bacteria, Lipman (35) found that very weak solutions 
of NaCl and NasSOi were stimidating, whereas Na^COs was toxic at the highest 
dilution used (0.025 per cent). Brown and Hitchcock (6) agree, in general, 
with this work, but foimd the toxic points to differ from those of Lipman, 
and include Na^COs among the salts stimulating in dilute solutions. For the 
nitrogen-fixing organisms Lipman (36) foimd that there was no stimulation 
by any of the three salts studied, in the dilutions used. Chester (9) found that 
NaNOs and KG used in the proportion of 1 part of salt to 5,000 parts of soil, 
or 0.02 per cent, were without appreciable effect on the bacterial development 
in the soil. 

In the Tucson soil the dilutions of salts were below the toxic points found by 
the aforementioned investigators. Using 0.2 M concentration, Hohn and 
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Sherman (30) found that nitrates, as well as chlorides and sulfates, accelerated 
the growth of 5. colL In the 6 inch layer of Tucson soil the amount of nitrates 
was much less than that used by these investigators, although it was some¬ 
what greater than the amounts in the 12 inch and 24 inch layers. It is possible 
that this slight excess, associated with other unfavorable conditions, such as 
relatively low water and organic content and high alkalinity, helped to inhibit 
the growth of bacteria, whereas the greater porosity, higher water and organic 
content, lower a l kal in ity, and higher content of salts with stimulating action, 
favored the growth of organisms in the 12 inch layer. 

According to Hilgard (27) the salts in arid soil are carried down a few feet 
by the scant water supply, and accumulate there, whence they rise, by capil¬ 
larity, with the evaporating water. Stewart (52) notes that in some sections, 
where the soil is well drained, there is a marked lack of salts, because they have 
been carried down to lower land. This seems to be the probable explanation 
for the low salt content of the soil at the edge of Pantana Wash, much of the 
salts having been carried down into the wash by percolating water. The 12 
inch layer is probably the stratum in which the descending and ascending 
waters cause a slight accumulation. WTiether the accumulation of nitrates in 
the 6 inch layer is due to the physico-chemical nature of the salts, or to greater 
nitrification in that layer, cannot be determined without extended experi¬ 
mentation. 

The variation in kinds of bacteria is exceedingly important. No attempt has 
been made to identify specific organisms, but merely to ascertain the rela¬ 
tive proportion of types. Yeasts, actinomycetes, and bacteria have been dis¬ 
tinguished and the latter grouped morphologically and according to a limited 
number of physiological reactions. 

It is impossible to give plate counts of yeasts unless every colony is examined, 
because it is impossible superficially to distinguish them from bacteria. Also 
it is impossible to know how many of the colonies given in plate counts by other 
writers were yeasts. 

The actinomycetes are more easily distinguished, although in the early 
stages, and in the case of small, deep colonies, it is impossible to distinguish 
them from bacteria or yeasts. Lipman and Waynick (40) state that there is a 
decrease in the number of bacteria when a soil is transferred from a humid to an 
arid climate, and also a decrease in nitrification and nitrogen-fixation, but not 
in cellulose destruction. Waksman and Heukelekian (58) have riiown that 
cellulose destruction may be carried on by fungi, actinomycetes, and bacteria. 
Arid soil appears to be unfavorable to the growth of fungi, hence the cellulose 
destruction in it must be due predominantly to actinomycetes and bacteria. 
Since the work of T. L. Martin (43) showed that actinomycetes were affected 
by the addition of green manure more than were bacteria, it is possible that the 
actinomycetes are more active in the destruction of cellulose than the lower 
forms. It is possible, therefore, that the statement of Lipman and .Waynick 
suggests, at least, that there may be more actinomycetes in arid soil than in 



1S6 


lAETITIA M. SNOW 


Other situations. Waksman (53) studied the distribution of fungi, actino- 
mycetes, and bacteria in various soils (textures not given) and concluded that 
although bacteria decreased downward and fungi almost disappeared below 
12 inches, the actinomycetes remained constant between 12 inches and 30 
inches, hence they inaeased in proportion to the other groups in the lower 
layers. A comparison of table 9 with his results, shows a fairly dose agree¬ 
ment in the numbers of fungi and actinomycetes at the deeper layers, 
but a considerable difference for all counts at 12 inches and for the bacteria at 
the lower level. At 12 inches the Tucson soil contained 4 to 6 times as many 
actinomycetes, only one-sixth to one-seventh as many fungi, and about 
five-eighths as many bacteria as the soils studied by Waksman. Although the 
work of W. H. Martin (44) upon potato scab showed an increase of the disease 
in dry alkali soils, Sanford (50) conduded that lack of moisture alone was 
responsible for the disease. His work was with heavily infected soils, con¬ 
sequently lack of infection did not indicate lack of organisms. The work 
seems to indicate that dry, and possibly alkaline, soils are favorable for actino¬ 
mycetes. Conn (14, 18) found that sod contained a larger number of actino¬ 
mycetes than cultivated soil—^38 per cent and 20 per cent, respectively—and 
thought that the difference was not due to lack of aeration in sod, but possibly 
to the presence of plant roots. In other reports (12, 19) upon various soils, 
he gives the percentages of these forms as anywhere from 12 to 50. HUtner 
and Stdrmer (28) give as an example, a plate counting showing over 25 per cent 
of actinomycetes. Krainsky (33) placed the number of these forms in dune 
sand between those for sandy woods and beech woods, but gave no figures. 

Conn’s suggestion, that the function of actinomycetes in the soil is the de¬ 
composition of plant roots, does not exclude the disintegration of cellulose. 
Both functions would imply a correlation between the number of these forms 
and the quantity of vegetable matter in the soil. On the other hand, the 
number of actinomycetes is larger in Tucson soil than in any soil reported, 
except in the general statement by Coim noted above, that they compose 
12 to SO per cent of the soil flora. The percentage for the 24 inch layer exceeds 
even this estimate by about 5 per cent. (See table 9.) It is, therefore, diffi¬ 
cult to account for the high percentage of these organisms in the Arizona soil 
studied. 

That chromogenesis is confined largely to yeUow and fluorescent forms (15) 
is only partly confirmed by the present investigation. In general, there was a 
great lack of color; even on nutrose agar over 88 per cent of the colonies were 
white. Although yellow was the most prevalent color, the percentage of 
yellow colonies was very low. The fact that brown forms were next in abund¬ 
ance is interesting, but its significance is not known. Red, orange, and 
fluorescent forms were scarce and no purple, blue, or black forms were found. 

In several publications Conn (12,13,15,16, 17) discussed the t 3 ^es of bac¬ 
teria in soils, and in 1917 (19) he summarized his previous work and classified 
the types into several groups. Of these the non-spore-bearing forms are the 
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most abundarit, and the spore-bearers few and unimportant. The percentage 
of the latter group is given as 5 to 10. Of the non-spore-formers, he found 
rapidly liquef)dng short rods of the Pseudomonas fluorescens type to be less 
than 10 per cent, and short rods or cocci, slow or non-liquefiers, which do not 
ferment sugars, to be from 40 to 75 per cent. Many of these grow poorly on 
laboratory media. He noted the absence, or presence in such small numbers as 
to be overlooked, of forms that ferment sugars with gas, of non-liquefying acid 
formers, and of non-spore-bearers growing anaerobically in sugar broths. No 
mention is made of the reaction to Gram’s stain. Skinner (51) also foxmd 
aerobic spore-formers to be about 5 to 10 per cent of the total count in various 
soils. 

A consideration of table 13 will show a totally different distribution of t 3 q>es 
in the Arizona soil from those discussed above. Of the cultures studied mor¬ 
phologically, 57.4 per cent were non-spore-bearing, and of these, about 58 
per cent were rods. The forms were distributed rather unevenly in the three 
layers. The cocci were most abundant in the upper layer, and least at 12 
inches. The spore-formers were most abundant at 12 inches, and least at 6 
inches. The short rods were least abundant at 12 inches, and in about equal 
numbers at 6 inches and 24 inches. The non-spore-forming long rods were least 
abundant at 6 inches, and about equally abundant at 12 inches and 24 inches. 
Gram negative forms predominated, especially at 6 inches (81 per cent). At 
12 inches the forms were evenly divided between positives and negatives, and 
at 24 inches there were about twice as many negatives as positives. At 12 
inches were found the largest percentages of acid formers, gelatin and casein 
digesters, and nitrate reducers. That this is not due wholly to the spore- 
formers is shown by the fact that about 50 per cent of the digestion of gelatin 
and casein was due to other forms. At this depth the spore-formers, however, 
are the active sugar fermenters and nitrate reducers. 

The total lack of gas in sugar fermentation, and the probable total lack^ 
of lactose fermenters, agrees with the results of Conn, noted above. Approxi- 
ma tely 35 per cent of the total number of forms studied formed acid in glucose, 
ands28 per cent in sucrose. The fact that one-third of the glucose and 2 of the 
sucroye fermenters were non-liquefiers, is at variance with his findings. Approx- 
imatela 57 pe r cent of the forms studied digested casein, 72.5 per cent digested 
gelatin, and 33 per cent reduced nitrates. Of the liquefiers, about 60 per cent 
were rapid, i.e., produced a fair amount of liquefaction in 4 days. The diges¬ 
tion of gelatin was the most active process carried on by the organisms studied. 
Protein digestion presupposes organic matter and it is difficult to account for 
such active digesters in soil with so small an amount of organic material. On 
the other hand, this activity would insure that the small amount of such 
material would quickly and efficiently be made available. 

* The sin gle fonn that caused a slightly add reaction in milk may have been a contamina¬ 
tion, or it may have been one of the “few” which Conn did not find. 
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SUMMARY 

1. In this study only those bacteria are considered which grow aerobically 
on ordinary culture media. 

2. The soil under consideration was collected at depths of 6 inches, 12 inches 
and 24 inches, on the edge of Pantana wash at the side of the Tanque Verde 
Road, Tucson, Arizona. 

3. The average annual rainfall for 6 years, including the one in which the 
soil was collected, was 13.27 inches. This would make it, according to Lip- 
man, a “truly arid soil.” 

4. The 12-mch layer had the greatest water content, both in actual amo\mt 
and in relation to the water capacity. It was a little coarser, and had a larger 
amount of combustible material, and of soluble chlorides, carbonates and 
sulfates, than the other layers. It was more nearly neutral (pH 8.6) than the 
other samples. These characteristics were correlated with the highest bac¬ 
terial count. 

5. That the 6-inch layer was the least favorable for bacteria, was shown by 
the lowest count, and was probably due to the fact that this layer was the 
driest and had the least combustible material, the highest hydroxyl-ion con¬ 
centration (pH 9.0), and the largest amount of nitrates of the three. 

6. The numbers of bacteria per gram of fresh soil for the depths were as 
follows: 6 inches, 401,000; 12 inches, 1,898,500; 24 inches, 916,500. 

7. Of the total number of colonies for all depths, 52.4 per cent were actino- 
mycetes, 0.77 per cent were filamentous fungi and 46.81 per cent were yeasts 
and bacteria. The actinomycetes were actually and proportionally more 
numerous at 24 inches than at 6 or 12 inches. 

8. Of the colonies which were not recognized as actinomycetes, and were 
therefore classified as bacteria and yeasts, 88.33 per cent were white; 6.39 per 
cent, yellow; 0.28 per cent, orange; 1.11 per cent, red; 1.39 per cent, fluores¬ 
cent; and 2.5 per cent, brown. 

9. Pure cultures were isolated from the plates and studied morphologically 
and culturally. 

10. Morphologically, 24.1 per cent were coccus, or coccoid, 20.4 per cent 
were short, non-spore-bearing rods, 13.0 per cent were long non-spore-bearing 
rods, 42.6 per cent were long spore-bearing rods, and 64.8 per cent were Gram 
negative. 

11. Culturally, 35.3 per cent fermented glucose; 28.3 per cent fermented 
sucrose; and only one form fermented lactose; 70.4 per cent digested gelatin 
and 56.5 per cent digested casein; 32,6 per cent reduced nitrates to nitrites. 
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PLATE 1 

Fig. 1. View of the Pantana Wash and the Tanque Verde Bridge. Taken from the 
bottom of the wash and looking toward the bank on top of which the soil samples were 
collected. 

Fig. 2. Nearer view of the bank. 
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PLATE 2 

Fig. 1. General view of the situation in w’hich the soil samples were collected, 
Fto. 2. A nearer view of the surface at the place of collection. 
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HISTOEICAI, AND THEOREnCAL 


The electrometric method for determining the hydrogen-ion concentration 
of soils by means of the ordinary hydrogen electrode has never been entirely 
satisfactory. This is due to the fact that a constant voltage cannot be quickly 
and easily obtained. Often hydrogen has to be passed through the soil sus¬ 
pension for a long period of time before constant readings can be secured. 
In many cases accurate results cannot be obtained. In measuring the hydro- 
gen-ion concentration of neutral or slightly alkaline soils, the carbon dioxide 
equilibrium enters into the reaction and the observed voltages are often 
misleading. The electrodes become abraded easily in sandy soils and only 
a few determinations can be made without replatmizing. Coupled with 
the difficulty of obtaining a constant potential, the care of the electrodes 
makes the method not only complicated and tedious but also very slow. 

The colorimetric method has a limited application. It is satisfactory with 
clear soil extracts, but precise readings cannot be made with turbid suspensions 
The method requires the use of a series of indicators and buffer mixtures which 
are likely to change with time and give inaccurate results. 

In 1920, Biilmann (1, 3) showed that it was possible to form with the 
organic compound, quinhydrone, an electrode which could be used for making 
hydrogen-ion determinations and with which very constant voltages were 
possible. The quinhydrone molecule is apparently formed by the union of 
one molecule of quinone, C 0 BUO 2 , and one of hydroquinone, In 

an aqueous solution it is very highly dissociated into its components. 

Hydroquinone and quinone, the products of the dissociation of the quin¬ 
hydrone, axe the active bodies of the electrode. According to the equlib- 
rium equation, 

CeEUOsHs C8H402*4'Ha 


the concentration of hydrogen is represented by the formula: 


(H,) 


(CjatiQgHa) 

(C1B4O2) 


(A) 


^ The writer expresses his appreciation for the helpful sugge5tio33a from Professors G. W. 
Conrey and K. M. Salter. 
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where Z is a constant. The concentration of hydrogen at a given tempera¬ 
ture, therefore, is “entirely determined by the proportion between the molec¬ 
ular concentration of the hydroquinone and the molecular concentration of 
the quinone, but which does not depend on the absolute concentrations of 
these bodies nor on the concentration of the hydrogen ions in solution.” 

Biilmann used an element composed of two electrodes: one, a platinum 
foil dipped into a solution of quinhydrone in decinonnal hydrochloric acid 
and the other, the usual hydrogen electrode immersed in the same acid. This 
element is represented as: 

Pt. 1 C 6 H 4 O 2 , C 6 H 4 O 2 H 2 , N/10 HCl 1 N/10 HCl, Ha | Pt. 


The quinhydrone electrode is positive in respect to the hydrogen electrode. 

At 18°C. he obtained a potential of 0.7044 volt using dry hydrogen under 
a pressure of one atmosphere. To transfer the voltage into conditions where 
humid hydrogen is used, 0.0002 volt must be subtracted from this value. 
The Sorensen formula for pH at 18®C. for a decinormal calomel electrode is 


„ £ -0.3377 

" 0.0577 


(B) 


in which E represents the observed voltage. By substituting 0.7042 — Eq 
for E in equation B, the formula for pH at 18®C. for the quinhydrone electrode 
is derived 


„ 0.3665 - Eq 

^ 0.0577 


(C) 


Eq is the observed voltage for the quinhydrone electrode. 

In 1923, Biilmann (2) showed that this electrode was applicable in deter¬ 
mining the hydrogen-ion concentration of soils. When it was compared 
with the ordinary hydrogen electrode good checks were secured. Up to the 
present time no standardization of methods for using this electrode has 
been published. It is the purpose of this paper to report certain studies 
which have been made of the factors which enter into the use of the quin¬ 
hydrone electrode for measuring the reaction of soils. Consideration was 
given to the use of the saturated, normal, and decinormal calomel cells; to 
variation in the amount of quinhydrone; to measuring the constancy of 
potential; to comparing the quinhydrone and hydrogen electrodes; and to 
the effect of the soil-water ratio upon results secured with the quinhydrone 
electrode. 


PROCEDURE 

A test tube with a diameter of 2 cc. and a depth of 14 cc. was employed for 
holdiog the soil suspension and the quinhydrone. Into this was placed a 
platinum electrode, which was made by fusing a platinum foil 12 mm. square 
onto a stiff platinum wire that had been pre\iously fused in the end of a ]^ex 
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glass tube. This composed the quinhydrone electrode. It was connected 
to the calomel cell by a saturated KCl agar bridge. The agar bridge was 
renewed whenever it exhibited signs of deterioration, which was indicated 
by cracks in the agar and by erratic voltages. Since the completion of this 
work, SchoUenberger (6) has constructed a cell which eliminates the agar 
bridge. The care of the platinum electrode is a very important factor in this 
method. At the begi nning of each day's work, the electrode was cleaned in 
a hot chromic acid solution, washed thoroughly with freshly boiled distilled 
water, and heated to redness in an alcohol flame. An ordinary gas flame 
cannot be used. After readings were made, the test tube containing the 
soil suspension-quiohydrone mixture was removed and the platinum electrode 
and agar bridge were thoroughly rinsed with distilled water. The cell was 
immersed in water of a known temperature while the readings were made and 
the appropriate temperature correction applied in each case. A Leeds and 
Northrup Type K Potentiometer and Type R galvanometer were used to 
measure the observed voltages. 

EXPERIMENTAL 

The use of scduraied^ normal^ and decinormal calomel cdls 

Biilmann experimented with a decinormal electrode, with which the ob¬ 
served voltage is 0,7042. From this the formula for the hydrogen-ion con¬ 
centration is derived as expressed in equation C. This is a direct substitu¬ 
tion of his results in the equation derive from the Nemst formula, 

RT* 

£ = JEo-—X 2.303 log C (D) 

nr 

in which E = electrode potential corresponding to ionic concentration C, 

jEo= electrolytic potential (electrode potential at molar concentra¬ 
tion), 

R = the gas constant (8,32 joules per degree), 

T = absolute temperature (273® + temperature C), 
n == Valency of the ion, 

F = the faraday (96,500 coulombs) 

C = ionic concentration of the solution, 

RT 

The value of X 2.303 at 18® and 25®C. is 0.0577 and 0.0591, respectively. 

From these values, uang Biihnann’s method of obtaining equation C and 
and the voltage 0.6988 as measured for the decinormal dectrode at 25°C., 
the formula for the hydrogen-ion concentration as expressed in pH can be 
derived. 

£=■ Bo- 0.0S91 pH 
0.6988 - Eq = 0.336 - 0.0591 pH 

„ 0.3628 - Eq 

pH = -■* 


0.0591 


(0 
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In addition to the decinormal electrode both the normal and the saturated 
were used. For the nonnal electrode, using the same method of calculation 
as in equation E and the value 0.283 for £o, the following equation is obtained: 


„ 0.4158 - Eq 

^ 0.0591 


(F) 


For the saturated electrode, Eo is 0.245 and the resulting equation is 


pH 


0.4538 — Eq 
0.0591 


(G) 


The temperature factor as determined in Biilmann’s investigations is 0,77 
millivolt per degree deviation from 25®C. Below this temperature the cor¬ 
rection must be subtracted from Eq; above 25® it must be added. A compari¬ 
son of results secured with the three electrodes is shown in table 1. 

These results indicate that any one of the three calomel cells may be used. 
The saturated electrode, however, is preferred for convenience. In the first 


TABLE 1 

A comparison of pH "salues for the saiuraiel, normal and decbwrmal calomel cells 


KinZBCS 

son. TYPE 

CALOMEL ELECXRODE 

i 

Saturated 

Normal 

Decinormal 

30 

Trumbull silt loam 

4.63 

4.65 

4.67 

6 

Paulding clay 

6.38 

6.36 

6.33 

130 

Dunkirk nne sand 

5.22 

5 22 

5.20 


place, it is more constant. The normalities of the normal and decinormal 
cells change more quickly than the saturated. Secondly, in soils that are 
neutral or slightly alkaline a negative potential is obtained at a lower pH 
with the normal and decinormal For the saturated electrode, a negative 
voltage is produced at pH 7.68; for the nonnal, at 7.02; and for the decinor- 
mal, at 6.14. WTien a negative potential is obtained, the poles must be re¬ 
versed. The saturated cell does not often require this reversal since most 
soils have a hydrogen-ion concentration lower than pH 7.68. 

The effect oj varying the amounts of quinhydrone 

The weight of quinhydrone necessary to give a constant voltage in Biil- 
mann’s experiments was 0.1 gm. for every IS cc. of solution. However, the 
results in table 2 indicate that 0.05 gm. suffices for accurate results. In 
add soils 0.02 gm. is suffident. Quinhydrone added in excess of 0.05 gm. did 
not produce further change. 

A convenient method of adding the quinhydrone to the soil suspension is 
by using a small glass spoon, blown on the end of a glass tube. The spoon 
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holds about 0.05 gm. If a large number of determinations are to be made at 
one time, the process of measuring the quinhydrone for each determination 
can be eliminated by making a fresh 0.3 per cent solution of quinhydrone 
with boiled distilled water and by adding the resulting solution to the soil. 
This solution must be kept in a dark bottle because light tends to dissociate 
the quinhydrone. The solution cannot be used on the second day because 
of this dissociation. The results in table 3 show the relation between the 
addition of quinhydrone in solution and in the dry state directly to the soil 
suspension. 


TABLE 2 

Effect of varying the cmiomts of quinhydrone upon the observed pS of the soil suspension 


NUMBER 

SOIL TYPE 

AMOUNTS OT QUZNBYD&ONE PER 15 CC. 07 HsO 

ADDED TO 15 OM. OF SOIL 

0.01 gm. 

0.02 gm. 

0.03 gm. 

0.04 gm. 

0.05 gm. 



PE 

PE 

PE 

PE 

PE 

41 

Tyler silt loam 

4.10 

4.18 

4.19 

4.18 

4.19 

507 

Cory silt loam 

4.54 

4.81 

4.85 

4.84 

4.86 

22 

Wooster silt loam 

6.81 

7.04 

7.11 

7.22 

7.22 


TABLES 

The pE values from two methods of adding quinhydrone 


NUMBER 

son. TYPE 

METHOD 07 ADDD 

Directly to the soil 
suq^sioD 

itG QUINBYDRONE 

Insolatum 

22 

Wooster silt loam 

7.11 

7.06 

507 A 

Cory silt loam 

4.88 

4.84 

507 B 

Cory silt loam 

5.06 

5.08 

518 

Cinmnnati silt loam 

5.55 

5.50 

41 

T>ier silt loam 

4.25 

4.26 


Measuring the Constancy of Potential 

It is often difficult to obtain a constant voltage when using the ordinary 
hydrogen electrode. This difficulty is not so great with the quinhydrone 
method. With most soils the latter gives very constant readings and equilib¬ 
rium is quickly reached. With alkaline soils, however, the voltage is not 
exactly constant and the readings must be taken immediately after adding 
the quinhydrone to the soil suspension. La Mer and Parsons (4), studying 
the application of the quinhydrone electrode to electrometric titrations, 
found that a constant voltage could not be reached in an alkaline solution 
with a pH above 8.0 They attributed this to the autoxidation of the hydro- 
quinone. In measuring the hydrogen-ion concentration of soils, this factor 
is not of large significance because few soils with the exception of the alkali 
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soils have pH values as high a 8.0. Constant readings with soils below pH 
8.0 are readily obtained (table 4). 

During a 10-minute interval, the largest deviation of potential, with the 
exception of soil S23, corresponds to a difference in pH of 0.07. For most 
purposes this variation has no significance. In the alkaline soil the voltage 
varied almost 0.10 in pH during 3 minutes and for a lO-minute period reached 
a deviation of 0.33 in pH from the original reading. If the readings are 
immediately, however, excellent checks between duplicate sa.mplps can be 
obtained. Several hundred samples studied with this electrode have given 
uniformly excellent results. 


TABLE 5 

Comparison of the quinhydrone and hydrogen electrodes 


NDMBFS. 

SOIL TYPE 

HYDROGEN ELECISLODE i 
1 

QUINHSl DRONE 
ELECTRODE 



lolts 

PS 

voUs 

PB 

6 

Paulding clay 

0 6215 

6 37 

0.0800 

6.37 

30 

Trumbull silt loam 

0.5025 

4 39 

0.1788 

4.66 

41 

Tyler silt loam 

0 4825 

4.02 

0.2083 

4.16 

90 

Newton very fine sandy loam 

0 5815 

5.69 

0.1074 

5.87 

101 

Fulton silty clay 

0 6185 

6.32 

0.0720 

6.46 

130 

Dunkirk fine sand 

0.5415 

5.01 

0.1456 

5.23 

135 

Newton loam 

0.6035 

6.06 

0.0935 

6.10 

153 

Clyde silty clay loam 

0.5890 

5.82 

0,1136 

5.76 

321 

Newton clay loam i 

0.5875 

5.79 

0.1035 

5.93 

501 

Clermont silt loam 

0.5355 

4.91 

0.1572 

5.02 

507 

Cory silt loam 

0.5340 

4.89 

0.1659 

4.88 

518 

Cincinnati silt loam 

0.5675 

5.45 

0.1240 

5.60 


A comparison of the quinhydrone and hydrogen electrodes 

Biflmann (2) found a variation from 0 to 0.2 in the pH values secured be¬ 
tween the quinhydrone and hydrogen electrodes in a series of 75 different soils. 
Most of the samples checked within 0.1 in pH. This is considered a good 
check, since a given soil often shows greater variation from time to time. 
Table 5 gives a comparison of the results secured by the use of the two elec¬ 
trodes in 12 different soils and shows a variation similar in magnitude to 
Biilmann’s work. Only two soils deviate more than 0.2 in pH. The method 
previously outlined was used to determine the hydrpgen-ion concentration 
of these soils. A soil-water ratio of 1:1 was used for the quinhydrone method 
and 1:5 for the ordinary hydrogen electrode method. 

The ordinary hydrogen electrode gave erratic voltages with soOs that were 
alkaline. The results indicate the reliability of the quinhydrone electrode for 
measuring the hydrogen-ion concentration of soils. 
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Effect of the soil-water ratio on ike hydrogen-ion concentration 

Salter and Morgan (5) having studied the effect of var 3 dng the soil-water 
ratio in determinations of hydrogen-ion concentration of soils by the or¬ 
dinary hydrogen electrode method, came to the conclusion that a ratio of 
1:5 might well be chosen as a standard ratio for such measurements. They 
pointed out that the variation of the hydrogen-ion concentration with varying 



'Soil-Wa-fer Raiio 
Fto. 1 

I -Sofl321, n«7. 
n = Soil 135. n « 7. 
m = Soil 90. n - 7. 

IV = Soil 6. n « 7. 

V«Soil327. n«8. 

VI = Soa 153. n = 6. 

soil-water ratios could be described by a modification of Freundlich^s adsorp¬ 
tion isotherm. In the present study, variations in sofi-water ratio were found 
to have an important influence upon the results secured with the quinhydrone 
electrode. 
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In this investigation 12 soils were studied with 5 different soil-water ratios, 
namely 2:1, 1:1, 2:3, 1:2, and 2:5. The soils vary from a fine sand to a 
heavy day, and from a very add soil to one distinctly alkaline. Table 6 
show's the effect of varying the soil-water ratio on these soils. 

It is apparent from the foregoing data that the hydrogen-ion concentra¬ 
tion decreases as the soil-water ratio decreases. The same phenomenon has 



\TI = SoU SOI. n « 6. 

Vin»Soil523. n*9. 

IX = Soil 528. n = 7. 

X = Soil 101. n = 7. 

XI =* Soil 130- n * 6. 

Xn = Soil 30. n = 5. 

been obser\^ed with the ordinary hydrogen electrode. In the results pre¬ 
sented there is an almost consistent variation in pH of 0.3 between a ratio of 
2:1 to 2:5. This shows the necessity of choosing some standard ratio to be 
used in this method. A comparison of these results with those in table S 



TABLE 7 

Conversion of voltage to pH with the quinhydrone electrode and saturated calomel cell 



pH 

^<1 

pH 

-0.0485 

8.50 

0.1052 

5.90 

-0.0455 

8.45 

0.1082 

5.85 

-0.0425 

8.40 

0 1111 

5.80 

-0.0396 

8.35 

0.1141 

5.75 

-0.0366 

8.30 

0.1170 

5.70 

-0.0337 

8.25 

0.1200 

5.65 

-0.0307 

8.20 

0.1229 

5.60 

-0.0278 

8.15 

0.1259 

5.55 

-0.0248 

8.10 

0.1288 

5.50 

-0.0218 

8.05 

0.1318 

5.45 

-0.0189 

8.JOO 

0.1347 

5.40 

-0.0160 

7.95 

0.1377 

5.35 

-0.0130 

7.90 

0.1407 

5.30 

-0.0100 

7.85 

0.1436 

5.25 

-0.0071 

7.80 

0.1466 

5.20 

-0.0041 

7.75 

0.1495 

5.15 

-0.0011 

7.70 

0 1525 

5.10 

+0.0018 

7.65 

0.1555 

5.05 

0.0047 

7.60 

0.1584 

5.00 

0.0077 

7.55 

0.1614 

4.95 

0.0107 

7.50 

0.1643 

4.90 

0.0137 

7.45 

0.1673 

4.85 

0.0167 

7.40 

0.1702 

4.80 

0.0197 

7.35 

0.1732 

4.75 

0.0226 

7.30 

0.1761 

4.70 

0.0256 

7.25 

0.1791 

4.65 

0.0284 

7.20 

0.1820 

4.60 

0.0313 

7.15 

0.1850 

4.55 

0.0343 

7.10 

0.1879 

4.50 

0.0372 

7.05 

0.1909 

4.45 

0.0402 

7.00 

0.1938 

4.40 

0.0431 

i 6.95 

0.1968 

4.35 

0.0461 

! 6.90 

0.1997 

4.30 

0.0491 

6.85 

0.2027 

4.25 

0.0520 

1 6.80 

0.2056 

4.20 

0.0550 

1 6 75 

0.2086 

4.15 

0.0580 

6.70 

0.2115 

4.10 

0.0609 

6.65 

0.2145 

4.05 

0.0639 

6.60 

0.2175 

4.00 

0.0669 

6.55 

0.2204 

3.95 

0.0698 

6.50 

0.2234 

3.90 

0.0728 

6.45 

0.2263 

! 3.85 

0.0758 

6.40 

0.2293 

3.80 

0.0787 

1 6.35 

0.2322 

3.75 

0.0817 

i 6.30 

0.2352 

3.70 

0.0846 

6,25 

0.2382 

3.65 

0.0875 

6.20 

0.2411 

3.60 

0.0905 

•6.15 

0.2441 

3.55 

0.0934 

6.10 

0.2471 

3.50 

0.0963 

6.05 

0.2500 

3.45 

0.0993 

6.00 

0.2530 

3.40 

0.1023 

5.95 

0.2559 

3.35 



0.2589 

3.30 
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for the ordinary hydrogen electrode indicates that the ratio of 1:1 with the 
quinhydrone method and of 1:5 with the ordinary hydrogen electrode give 
practically similar values. The ratio of 1:1 seems to be best adapted for 
this worL A graphic representation of the data shows this more clearly. 

In figures 1 and 2, the soil-water ratio is plotted against the decrease in 
hydrogen-ion concentration below that observed at a soil-water ratio of 2:1, 
This method gives a good graphic representation of the data. In most of 
the cur\"es a decided break comes in the proximity of the ratio of 1:1. This 
is added evidence of the desirability of selecting the 1:1 ratio for measure¬ 
ments by the quinhydrone method. 

Conversion of volts into pH 

In order to facilitate the reading of the hydrogen-ion concentration in 
terms of pH, table 7 was computed from equation G. It may be used to 
eliminate calculations after each reading. It is adapted for use only with a 
saturated calomel cell. 

Table 7 shows that for every pH 0.05 there is a corresponding difference of 
30 millivolts. If the observed voltage lies between any of the above values, 
the pH can be estimated to the second place. The temperature factor is 
0.77 millivolts per d^ee deviation from 25®C. 

CONCLUSIONS 

A study of the quinhydrone method for determining the hydrogen-ion con¬ 
centration soils leads to the following conclusions: 

1. The saturated calomel cell is the most convenieut to use since it is most constant and 
does not require a reversal of poles below pH 7.68, 

2. For accurate results 0.05 gm. of quinhydrone per 15 cc. of solution is su£&cient The 
quinhydrone may be added in solution provided a fresh stock is prepared each day. 

3. The potential is very constant with this electrode with the exception of soils above pH 
8.0. It is reached quickly and easily. 

4. The quinhydrone and ordinary hydrogen electrodes compare closely. Variations were 
obtained fcom 0 to 0.2 in pH, which is considered close enou^ for most soils work. 

5. The most desirable soil-water ratio to use as a standard with the quinhydrone electrode 
is the ratio of 1:1. It gives results comparing closely with those obtained with the ordinary 
hydrogen electrode. 

The quinhydrone method has a very distinct advantage over the ordinary 
hydrogen electrode inasmuch as the apparatus required is simpler, both in 
construction and operation, and requires a much shorter time to reach equi¬ 
librium. The method is applicable to fidd as well as laboratory purposes. 
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INTRODUCTION 

From the standpoint of soil genesis, d 3 Taamics, and methods of cultivation, 
those parts of the soil are of interest which show most activity in the soil proc¬ 
esses and which create the differences among the various types. The native 
rock may be regarded as inert, for it adds no immediate fertility to the soil, 
although through the forces of weathering, the separation and formation of 
minute particles capable of taking part in the soil fertility processes occur. 
The larger particles play an important part mechanically. This mechanical 
support together with certain physical properties centered around the inert 
particles brings about a series of conditions which in their totality approxi¬ 
mate what we know as soil fertility. The physical structure influences the 
aeration and thereby the oxidation processes which are chemical in nature. 

If the practically inert quartz and other unweathered rock materials axe 
excluded from the soil, the remaining portion will comprise the active com¬ 
ponents in which the life of the soil is centered. This portion of the soil has 
been named the zeolitic portion, but it is questionable whether the entire 
portion of the active soil is zeolitic. The vital importance of the organic 
portion in the life of the soil need not be emphasized here. None of the soil 
investigators would class these materials with the zeolites. This portion of 
the soil is very closely connected with what we understand imder the term 
“colloidal fraction” of the soil. The process of soil development consists of 
the formation of this fraction and crystalloids, and the formation of various 
combinations and their distribution in the soil profile. The soil skeleton is 
passive and scarcely characterizes the types of soil. It is the so-called “col¬ 
loidal fraction” which gives body and life to the soil, and w^hich is in constant 
interaction with the soil solution, influencing its composition and suffering 
changes from the soil solution: it is this fraction which chiefly characterizes 
soils. 

^ Paper No. 259 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 

* The authors share equal responsibility and credit for the work reported. 
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A further exammation of this portion of the soil, shows that it is the one 
which is capable of base exchange, and it is this fraction, therefore, to which 
the soil investigator should direct his attention. A thorough appreciation 
of this soil complex capable of exchange will stimulate soil research in a defi¬ 
nite direction. This trend of thought was clearly and extensively expressed 
by Sokolovski (13). The importance of such investigations has been pointed 
out also by Gedroiz (23) in his classical researches, by Hissink (7), by 
Wiegner (IS), and by Kelley and Brown (11). 

The extreme value of base exchange and of colloidal phenomena in investi¬ 
gations of soil problems has been demonstrated by the authors (8). In a 
footnote in one of the papers on “alkali soil studies” (8, paper III), the follow¬ 
ing statement was made: 

The theory of base exchange as outlined for the zeolites through the replacement of their 
cations by the hydrogen ions of the sulfuric acid presents a new aspect of soil acidity. We 
may picture it as follows: A soil becomes add when its so-called zeolitic portion (the portion 
capable of exchange) is saturated with hydrogen and there are no more basic substances to 
be replaced and come out in solution. Only then will free adds (mineral or organic) or add 
salts appear in the soil solution. Until then no real acidity, i.e., free add, is possible. The 
zeolitic portion saturated with hydrogen may show acidity when treated with neutral salts. 
In this case the replacement process described in this paper takes place; in other words, the 
cation of the neutral salt replaces the hydrogen. These considerations have been suggested 
in the course of the alkali soil investigations and are now being looked into. 

In a recent publication Glinka (5), the noted authority on soil classification, 
points out that the process governing the formation of soils is to be the basis of 
soil classification. The parent rock has only a secondary influence upon the 
process. The conditions which determine the making up of the soil complex 
capable of exchange should be especially emphasized, as the study of base 
exchange is the logical step toward a rational and scientific understanding of 
soil processes. 

It is to be remembered that all the work on base exchange is based on the 
researches of Way, Van Bemmelen and others. A critical analysis of the 
earlier work will be given in a later paper of this series. A comprehensive 
review may be found in the papers of Gedroiz (2) and a more concise review 
in the publication of the CaJifomia Station (11). 

PROBLEM OP SOIL .^.CmiTY 

Investigations on several factors relating to base exchange and soil colloids 
have been instituted in the laboratories of the New Jersey Agricultural Experi¬ 
ment Station. The following is a report of studies made on a phase connected 
with the phenomena of base exchange; namely, soil acidity. 

The question of acidity in soils resolves itself into that of the state of “satura^ 
tion” or “unsatuiation”—^tenns introduced by Gedroiz (3)—of the soil 
complex capable of base exchange. By “unsaturation” we understand a 
condition whereby the bases of the soil complex capable of exchange have 
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been replaced by hydrogen. ^'Saturation*' is the reverse of unsaturation. 
A soil solution with a concentration of hydrogen ions in equilibrium with 
the bases capable of exchange will react acid upon extraction with water, on 
account of the free hydrogen ions present in it If the concentration of the 
hydrogen ions in the soil solution in the state of equilibrium mentioned is not 
reinforced, the hydrogen ions may finally be adsorbed in the soil complex and 
replace bases such as sodium, potassium, calcium, and magnesium. A water 
extract of such a soil will not indicate any acidity, but in reaJit}’’ the soil is 
acid, since the soil complex is becoming unsaturated. Such acidity may be 
termed “potential" acidity. From these considerations we may readily 
see how all grades of acidity, or all stages of unsaturation may exist even 
though a water extract will not show it. To obtain an accurate measure of 
the acid present in soil, a quantitative estimation of the state of saturation or 
imsaturation, must be made. To get an insight into this question, a quanti¬ 
tative study of the hydrogen ions present in various soils has been under¬ 
taken. 

While this work was in progress, a paper by Gedroiz (4) appeared giving his 
method, which varies but little from the one used at the New Jersey Station, 
based on Gedroiz's previous work. Gedroiz realizing that his quantitative 
measurements are open to criticism, because of the use of litmus and methyl 
orange as indicators, suggests the possibility of using electrometric titration. 

Potentiometric measurements of such solutions with the hydrogen electrode 
are erroneous because of the CO 2 factor. The bubbling of hydrogen through 
the solution to be tested forces out the CO 2 and, since the solution is not 
buffered, no accurate reading can be obtained. It was found that the colori¬ 
metric method gave accurate readings when properly manipulated. 

EXPERIMENTAL 

Ten-gram samples of the soil were shaken with 250 cc. of normal BaCb 
solution, left in contact for 3 days, and filtered. The filtrate was then titrated 
with 0.022^ KOH to pH 6.8. The soil on the filter paper was washed with 
BaCk solution, fresh portions of the solution being added after all the previous 
solution had drained off. This washing was continued until a sample showed a 
reaction similar to that of the pure BaCU solution. On the average it took 
from 3 to 5 liters of the normal BaCk solution. The solution was titrated with 
0.02 NKOB. to a pH 6,8, brom cresol purple and phenol red being used as indi¬ 
cators. At the same time water extracts of these soils were made in the usual 
manner and the pH values determined. The pH of the BaCk solution upon 
extraction was also determined. 

The data in table 1 show that the water extracts of soils 6 and 7 with the 
pH of 6.4 and 6.2, respectively, give with the barium chloride solution a pH 
of 5.9 and 5.2, respectively. The water extract does not indicate any acidity, 
whereas the BaCl^ extract shows appreciable acidity. The other samples 
show the same tendency toward increasing the H-ion concentration with the 
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BaCla solution extract. The explanation is simple. The Ba cations have a 
very high coefficient of adsorption and replacement and enter the portion 
of the soil capable of base exchange forcing out the hydrogen ions present 
there. The wide variations between the pH readings of the water extract and 
the BaCb extract clearly indicate that the pH determination of water extract 
is valueless from the standpoint of determining acidity in soils. It gives only 
a measure of the free hydrogen ions present in the soil solution. On the 
other hand the pH readings of the BaCl 2 extract give an indication of the state 
of saturation of the soil. The titer indicates the total acid present in the soil, 
and the degree of saturation. 

Much has been written on the subject of soil acidity and more is forth¬ 
coming; as a great number of excellent reviews on the subject are easily ac¬ 
cessible there is no need of repetition. A recent publication by Hager 

TABLE 1 


B-ion concentration and titer of soil of Chenango series, Sussex Area 


lABOBjaOKS NTTWBER 

REACnON OF WATER 
EXTRACT 

REAcnoN OF BaCls 

EXTRACT 

TOTAL TZTRATABLB ACmZTy 
IN TERNS OF 0.02 N KOH 


p3 

PB 

ce. 

1 

5.4 

4.6 

10.05 

2 

5.4 

4.6 

15.00 

3 

5.4 

4.6 

11.55 

4 

5.2 

4.8 

8.60 

5 

5.2 

4.8 

8.85 

6 

6.2 

5.9 

1.90 

7 

6,0 

5.2 

3.85 

8 

6.0 

5.8 

2.10 

9 

5.6 

5.2 

3,70 

10 

5.8 

5.4 ' 

4.05 

11 

5.0 

5.0 

5.75 

12 

5.8 

5.8 

1.30 


(6), however, deserves attention. His work represents a reaction against the 
pH fad, which has flooded the literatxire on soil science. Hager bases all 
his arguments and investigations on the researches of Kappen (10), who main¬ 
tains that there is no active acidity in mineral soils, at least in the great 
majority’' of the so-called acid soils. Under “active acidity”—a term intro¬ 
duced by Veitch (14)—^Kappen understands titrable acidity of a water extract, 
which indicates the presence of free acid or acid salts. 

Among the inorganic adds, sulfuric probably is the most generally found, 
since the sulfur compounds are biologically and chemically oxidized. The 
next add of importance is nitric, which is an oxidation product of the nitrogen 
compounds. The other forms of free add are the organic adds. In the 
process of decomposition of organic matter a number of organic adds of the 
methane, ethane, and other series appear. In the complicated system of the 
soil microbiological elements, there are times when organic adds are present 
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in the soil. They are, however, of transient nature, utilized by the various 
groups of microorganisms. Even the aforementioned inorganic acids are 
transient in nature, being affected by the bases released from the slowly de¬ 
composing silicates and compounds capable of base exchange. There is, 
however, a difference between the character of reactions in soil organic and 
inorganic acids. The organic acids in the process of decomposition leave as 
end-products CO 2 and H 2 O, which, in one way or another are taTr^rt care of in 
the soil. The inorganic acids, releasing their hydrogen chemically, are tem¬ 
porarily tied up in the soil complex capable of base exchange, but are ready 
to appear at any time, when other cations are introduced. The question of 
active acidity, or free acid, resolves itself into the following: 

In making a study of the soil acids, on account of the dynamic nature of the organic and 
even inorganic acids, erratic results are to be expected, especially if a water extract is used 
either for pH or for titration determinations. For the determination of free acid, water 
must be used, since any other solvent introduces complications. From what has been said 
and from a knowledge of base exchange, one may readily appreciate the condition, when 
such free acids are possible. First come the less important (from the standpoint of distribu¬ 
tion) soils of organic nature, like peat and muck. In these, free organic acids are to be 
expected. When we come to mineral soils the picture is somewhat obscure. There is 
possibly a condition whereby the hydrogen ions of the free acids are in equilibrium with the 
bases capable of exchange, e.g. the hydrogen ions are in preponderance in the soil solution 
and the complex capable of exchange is unsaturated. At this time the H ions are circling 
aioimd, from true solution into the solid phase of the complex and back again into solution, 
replacing themselves and thereby only slightly affecting the other cations. It is for this 
reason that an acid soil after losing a certain amount of bases shows only slight amounts of 
bases in the drainage. The free adds from inorganic source may be represented diagram- 
maticaliy. 

H :f± H-complex capable of base exchange 
solution solid phase 

The distribution of soils of an add character as r^resented above is not so rare as was thought 
by Happen (10), a view championed by Hager (6). UfidoubtedJy soils thai show a S&rensm 
wlue of pH 5.6 to 5.4 contain stick free acids. The free acid produced at this point may 
react with the silicates and bring aluminum and iron into solution. It is of interest to note 
that precipitated Al{PH)z (the gel) will under certain conditions (anion effects) not go into the 
sol stage at pH 5.4 or e/oen lower; the reaction is slow and in the presence of other electrolytes the 
conversion into gel may occur even at a low pH, e.g., the free acid may exist without diminum in 
solution . Experiments conducted in our laboratories corroborated the theory outlined. 

A more detailed account of the work on A1 and Fe in relation to pH and 
anions will be presented in a forthcoming paper.* 

But leaving aside the active or free acid and approaching the subject of 
potential acidity, the replaceable H ions must be determined. For this pur¬ 
pose samples of soil from soil fertility plots 7A, lOA, 1L\, and 12A of the New 
Jersey Experiment Station were used. Plot 7 receives no fertilizers; plots 
10,11 and 12 receive annual applications of 49.6 pounds of N per acre in the 

* Since this paper has been written an interesting paper by Magistad (Soil Sci., v. 20, 
p. 181-227) on the A1 problem has appeared. See also Niklas and Hock, 1925, Ztschr. 
PflanzenemShr. u. Dtlngung., v. 5, p. 370-392. 
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forms of Ca(N08)2 of (NH 4 ) 2 S 04 , and CaCNs, respectively. All plots 
except 7, receive an annual application of 102.4 pounds of P 2 OS per acre in the 
form of acid phosphate and 160 pounds of K 2 O in the form of KCL^ 
Ten-gram samples were weighed out in Erlenmeyer flasks; 250 cc. of normal 
BaCla was poured over them and allowed to stand for various periods of time, 
with stirring at intervals; the solution was filtered, titrated with 0.02iV' KOH, 
and the amount of add calculated for each period. After 10 days of contact 
solution and soil were transferred on a filter and washed with BaCU solution, 
as described, until the filtrate gave the same reaction in terms of pH as the 
BaCh solution. The filtrate was titrated and the total amount of acid cal- 


TABLE 2 

Eydrogen-ion coiicenirationt titer, and speed of replacement of E-ions in soils variously treated 


LABORA¬ 

TORY 

KtTMBER 

KIND 

OF son., 
BLOT 
NTTMBSR, 
AND YEAR 
OF 

SAJiCPLlNG 

RRACTION 

OP 

WATER 

ErFRACI 

REACTION 

OF 

BaCIs 

EXTRACT 

TTTRITION 
OF 250 CC. 
BaCls 

EXTRACT 
AFTER 
ONE HOUR* 

TITRATION 

of250cc. 

I BaCla 

EXTRACT 

AFTER 

10 DAYS* 

TOTAL 

TTTRATABLB 

ACIDITY* 

ACID 

EXTRACTED 

AFTER 

1 HOUR 
CONTACT 
WITHBaCU 

ACID 

EXTRACTED 

AFTER 

10 DAYS 
CONTACT 
WIXHBaCls 




PB 

ce. 

ce. 

CC, 

percent 

percent 


1914 








1 

7A 

S.6 

4.8 

2.20 

4.15 

9.60 

23.0 

43.2 

2 

lOA 

5.4 

5.0 

2.05 

2.70 

8.15 

25.1 

33.1 

3 

llA 

5.4 

4.4 

4.40 

6.70 

14.40 

30.5 

46.5 

4 

12A 

5.6 

5.2 

1.45 

2.60 

7.50 

20.0 

34.6 


1918 








S 

7A 

5.4 

4,8 

3.10 

4.75 

11.15 

27.7 

42.6 

6 

lOA 

5.6 

5.0 

1.70 

2.95 

8.15 

20.8 

36.2 

7 


5,0 

4.4 I 

6.45 

9.20 

17.80 

36.2 

51.7 

8 


5.6 

5.1 ! 

1.05 

2.20 

6.80 

16.0 

32.3 


1922 \ 








9 

7A i 

5.2 

4.6 

4.10 

6.50 

12.15 

33.7 

53.5 

10 

lOA 

5.4 

5.0 

2.45 

3,50 

9.35 

26.2 

37.3 

11 


4.8 

4.4 

7.75 

12.10 

22.30 

34.7 

54.2 

12 

10 

5.6 

5.0 

1.30 

2.80 

7.05 

18.4 1 

39.6 


* In terms of 0.02 iVKOH. 


culated. Wherever fairly large quantities of aluminum were apparent, 
allowances were made. 

Table 2 gives the data of the experiment described. Again the pH figures 
of the water extract and those of the BaCl 2 extract do not correspond. In¬ 
variably the BaCls extract shows more aridity than the water extract. This 
corroborates the statement made in connection with the Chenango soils (see 
table 1) that a determination of the H-ion concentration on a water extract 
does not give the true state of saturation and of unsaturation of the soils. 

^For a detailed description of these plots the reader is referred to the annual r^rts 
of the New Jersey Agricultural Experiment Station, Department of Soil Chemistry and 
Bacteriology. The samples used were those taken from the plots in 1914,1918, and 1922. 



















COLLOIDAL BEHAVIOR OF SOILS: 11 . SOIL COMPLEX 


187 


The data with BaCl 2 extract show that the soils, even the check plot, were 
acid and unsaturated in 1914. These figures give us only a qualitative pic¬ 
ture, as may easily be deduced from a comparison of the pH determinations 
of the plots for the different years. They are practically the same, and yet 
the titration figures show how these soils gradually but surely become un¬ 
saturated. 

It should be remembered that the soils contain in their complex capable 
of exchange a large amount of hydrogen; that when the stage of hydrogen 
aluminum silicates is reached and other bases, like Na, K, and Mg, are re¬ 
placed, the soil becomes extremely acid; and that the water extract of such a 
soil is turbid® containing free aluminum. Preliminary experiments conducted 
to bring about a completely unsaturated condition (by washing with O.OSiV 
HCl until practically no test for Ca or Mg in the filtrate could be obtained) 
showed that these hydrogen aluminum silicates are colloidal in nature, form¬ 
ing a colloidal sol when treated with water. Such a condition is being ap¬ 
proached by plot llA with a pH (water extract) of 4.6 to 4.8; the extract is 
turbid, for it contains an appreciable amoimt of silica and aluminum also 
some unsaturated organic complexes capable of base exchange. Long before 
all the bases are replaced free acid appears and the more acid the soil be¬ 
comes the slower the remainder of the bases is replaced, for reasons pointed out; 
namely, the hydrogen ions are replacing themselves attacking the other 
bases but slightly. In the long run, however, aU the bases are being replaced 
by hydrogen. 

The titration data afford a clear picture of the amount of add present in 
the soil complex capable of exchange, e.g., in the silicates known as “zeolites” 
and in the add humates. It has been shown by Gedroiz (4) and Sokolovski 
(13) that humus contains various cations capable of exchange in equivalent 
quantities. Unsaturated humus may contain no basic cations at all. The 
titration data, therefore, give us the sum total of free or active addity and 
of potential addity of soils. 

The figures in table 2 on the percentage of add extracted after the first 
hour and after 10 days bring out some interesting features. First they show 
that after the first hour, as high as 36 per cent of the replaceable hydrogen 
was extracted from some soils. This indicates that the replaceable hydrogen 
is in a condition to be released from the solid phase (the complex capable of 
exchange) at certain equilibrium disturbances, notwithstanding the fact that 
in general the hydrogen ions stick very tenadously in the solid phase. 

Another feature to be noticed is the speed with which soils with various 
degrees of replaceable hydrogen give them up. The more add soils suffered 
a loss of over SO per cent of their replaceable hydrogen after 10 days of contact 
with the BaCk solution; the less add soils gave up only 32 to 37 per cent. 
The explanation must be sought in the energy of adsorption and replacement, 

® The turbidity of such add solutions is partly due to the unsaturated condition of the 
fraction of humus capable of base exchange. This subject will be taken up at a later date. 
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or as we called it ‘^coefficient” of adsorption and replacement of the various 
cations. A soil less unsaturated (lOA or 12A) contains in the solid phase in 
equilibrium with the soil solution, beside the hydrogen ions, some Ca and 
other cations. Introducing the Ba ion with a coefficient of replacement 
higher than the Ca, forces the latter out more energetically than the hydro¬ 
gen ions, which possess a coefficient of adsorption higher even than Ba. How¬ 
ever, on account of the great excess of the Ba ions (normal solution) the 
reaction in virtue of the mass action brings out some hydrogen ions. On the 
other hand in soil llA with the hydrogen ion predominating in the solid 
phase, the Ba ion must struggle chiefly with hydrogen ions. Thus a greater 
speed of replacement results 

In the form of chemical equations the various reactions may be represented 
as follows: 


1) 4 H^-cofloids + 2 Ba++ 2 Ba++-colloid + 4 H+ 
solid phase solid phase 

solid phase solid phase 

Thus in equation 1, representing the more add soils, more H-ions are to be 
expected with the same number of Ba ions entering the complex. 

These considerations open up the problem of the effects of fertilization on 
replacement of cations; this subject wiU be touched upon presently. 

The process of continuous washing of the soil with the neutral BaCla solu¬ 
tion to obtain all the replaceable hydrogen from the complex is slow. In 
order to speed up the reaction the use of the normal solution has been found 
to be the most practical, although higher concentrations of BaCl 2 did replace 
the hydrogen somewhat faster. The cost involved did not warrant the use 
of concentrations higher than normal, and in many instances 0.5 N has given 
just as good result. Table 3 gives a few figures® on the effect of concentra¬ 
tion of BaCls on replacement of hydrogen ions. It is apparent that the 
higher the concentration the faster is the replacement, but the increase in 
replacement is in no way proportional to the concentration. 

There is, however, another phase of the subject which the data in table 3 
suggest; namely, the effect of fertilization on the process of replacement 

One may easily surmise that even after a heavy application of fertilizers 
the soil solution wiU not at any moment contain a concentration of salts 
equivalent to normal The tendency is toward a dilute solution and for this 
reason one should expect ndther any rapid accumulation, nor any release of 
hydrogen ions. This subject is of extreme importance and as more data will 
accumulate in connection with the study of the capacity of the soils for base 
exchange, more light will be shed on this interesting phase of the work. 

*More data on tills phase of the subject aie on hand, but being of the same nature as in 
table 3 they axe ozxutted here* 



COLLOIDAL BEHAVIOR OF SOILS: H. SOIL COMPLEX 


189 


TABLE $ 

Effect of conceniraHon of replaceable caiions on replacement of hydrogen ions 


SXND OP SOIL AKD 0.02 N KOH USED IN TITEATION OP BaCU EXTRACTS* APXXER: 

CONCENTRATION OP _ 



10 gm. of soil with 250 cc. of normal BaClt were used. 
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It is known in general that heat speeds up chemical interaction. On an 
average, other things being equal, every rise of 10° doubles the amount of 
material changed each second. 

In an attempt to speed up the reaction of replacement, by heating, several 
series of experiments were conducted. The soils were mixed with normal 

TABLE s 


Titratdble acidity with noniial BaCU and KCl solution extracts at various contact intervals 



BaCla EXTRACT 

KCl EXTRACT 

SOIL 

cc. of 0 02 V KOH after: 

cc. of 0.02 K KOH after: 


1 hour 1 1 day 

3 days | 

5 days | 7 days 1 10 days 

1 day 

3 days 

5 days 

7 days 

10 days 


Plot soils 


1914 












7A 

2.20 

2.90 


3.50 

4.00 

4.15 


2.55 


2.65 


lOA 

2.05 

2.60 


2.90 

2.90 

2.70 



1.90 

1.85 


llA 

4.40 

5.25 


6.05 

6.70 

6.70 






12A 

1.45 

2.00 

2.20 


2.50 

2.60 




1.60 


1918 












7A 

3.10 

4.10 

4.20 


4.60 

4.75 




3.20 

3.55 

lOA 


2.20 



2.90 

2.95 


1.85 


2.00 

2.30 

llA 


7.90 



9.60 

9.20 


8.25 



8.60 

12A 



1.70 


2.20 

2.20 



1.15 


1.70 

1922 












7A 

4,10 




6.30 

6.50 





5.25 

lOA 

2.45 




3.35 

3.50 




2.55 

2.40 

llA 

7.75 

9.65 



11.60 

12.10 





11.20 

12A 

1.30 

2.15 

2.15 


2.25 

2.80 


1.55 


1.80 ! 



Chenango series 


BOO. SURVEY 












KUICBER 
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3.60 

4.60 

4.80 

4.80 

5.25 

5.05 

2.60 

2.50 


2.90 

3.05 

182 

8.50 

9.40 

9.40 

9.50 

9.95 

9.80 

9.60 

10.20 

10.80 

10.65 

10.75 

187 

3.40 

4.65 

4.95 

5.10 

5.35 

5.40 



5.35 

5.75 

5.65 

188 

2.85 

3.10 

3,35 

3.25 

3.25 

3.30 

4.90 


5.25 

5.55 

5.45 

191 

2.40 

3.25 


3,35 

3.40 

3.50 

2.00 

2.00 

2.10 

2.30 

2.30 

192 

0.60 



0.70 

0.75 

0.75 

0.75 

0.95 

1.10 

1.15 

1.10 

189 

0.95 

1.25 

1.45 

1.40 

1.35 

1.25 

0.50 

0.45 

0.65 

1.15? 

0.60 

190 

0.50 

0.70 

0.65 

0.65 

0.75 

0.70 

0.70 

0.75 

0.75 

0.75 
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1.35 

1.45 

1.45 

1.65 

1.70 


0.85 


0.95 


198 

0.95 


1.10 

1.10 

1.30 

1.20 

1.25 

1.20 


1.25 

1.25 
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1.95 

2.50 

2.75 

2.90 

3.00 

3.00 

3.20 

3.50 


3.80 

3.75 

194 


0.95 

1.00 

0.80 

0.95 

0.95 

1.50 

1.55 

i 



1.70 


BaCk or KCl, heated at various temperatures, and filtered. The filtrate 
was titrated in the usual manner with 0.02 N KOH. To save space, table 4 
gives data on one temperature and on one series of soils only. It will be seen 
that the rise m temperature decreased the speed of reaction, or increased it in 
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a negative sense. What apparently happened was: Heat causes coagulation 
in colloid reactions; which in turn decreases the specific surface and thus 
decreases reactivity; consequently, the placement process slowed down. 

Gedroiz (3, p. 21) states that the reaction of mutual exchange of cations 
is instantaneous. In his experiments the amount of cations replaced (as 
calculated from the Ca) does not differ from the time of contact. The figiures 
on the titration in tables 2 and 5 and curves 1, 2, and 3 show that there is a 
gradual increase in replacement with the time of contact. The reaction comes 
to an equilibrium after 7 to 10 days of contact. More prolonged contact did 
not increase the amount of hydrogen replaced. The curves also show that 
the greatest replacement takes place within the first 24 hours. 

When table 5 is examined more closely, several interesting features appear. 
First, we note that in the plot soils the speed of replacement with the Bade 
solution is invariably greater than with the KCl solution. On the other hand, 
in the Chenango series the greater speed of replacement with the BaCl 2 solu¬ 
tion is true only in several of the samples; a few samples show practically the 
same speed of replacement for both the BaCl 2 and KCl solutions. There are 
a few samples with a distinct tendency toward a greater speed of replace¬ 
ment with KCl solution. From knowledge of the adsorption coefficients 
and of the replacement of the various cations, one should expect the Ba ion, 
a bivalent ion, to replace other cations faster than K ion would. This theoret¬ 
ical background finds support in the analyses of the data on the plot soils.^ 
But why the inconsistency with the Chenango soils? Thus fax no satisfac¬ 
tory explanation can be offered. Preliminary experiments in an effort to 
solve the problem pointed toward a survey of the capacity of the various 
soils for replacement and an inventory of the cations present in the complex 
capable of exchange. 

Table 5 also shows that not all of the soils possess the same speed of re¬ 
placement; this feature has been pointed out in connection with the discus¬ 
sion of table 2. There is, however, another angle of this phenomenon; namely, 
the relationships arising from reactions governed by the nature of the colloid 
substance involved. 

As previously mentioned, it is the colloid fraction of the soil that is re¬ 
sponsible for the reactions in base exchange. The mode of the reactions 
naturally depends upon some of the fundamental ideas of colloid chemistry, 
and a few preliminary remarks may help to throw more light on the subject 
of speed of reactions. 

One of the chief characteristics of colloid reactions is their surface nature. 
With an increase in the degree of dispersion of particles or, as Ostwald (12) 
prefers to call it, “the specific surface,” the reactivity of the dispersed phase 

^ It may be of interest to note here that data with NH 4 CI solution seem to show that the 
coefficient of adsorption and replacement of NH 4 ion follows the K ion; this is in accord with 
the octet theory of valence as presented by Langmuir; see Jour. Amer. Chem. Soc., v. 42, 
p. 274; V. 38, p. 221; v. 40, p. 1361. 
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increases. Ji, for the sake of illustration, the cubical structure of par¬ 
ticles is assumed, table 6 (taken from Ostwald) gives an idea of the increase in 
surface. 

The nature of the plot soils is such that in 11A the colloids involved are 
more dispersed than in the other soils because of imsaturation. A water 
extract of this soil is turbid; showing that the H ions peptized the colloids, 
increasing its specific surface and hence its reactivity. 

TABLE 6 


Increase in the s^t/rface of a cube with progressive decimal subdivision 


LENGTH 07 ONE EDGE 

NDUBER 07 CX7BES 

TOTAL SDE7ACB 

SPECmC SURFACE 

1 cm. 

1 

6 sq. cm. 

6 

1 mm. 

10» 

60 sq. cm. 

6X 101 

0.1 mm. 

10» 

600 sq. cm. 

6X 10* 

0.01 mm. 

10® 

6000 sq. cm. 

6X 10® 

l.Ofi 

10« 

6 sq. m. 

6X 104 

O.lu 

10« 

60 sq. m. 

6X 10® 

0.01/t 

1018 

600 sq. m. 

6X 10« 

1 ,0 ijtft 

1021 

6000 sq. m. 

6X 107 

0.1 /t/A 

10®^ 

6 hectares 

6X 108 

O 

d 

1027 

60 hectares 

6X 10® 

0.001 uM- 

1030 

6 sq. km. 

6 X 1010 


TABLE 7 


Suction force of limed and unlimed soil 


SOIL NUUBER* 

SUCTION FORCE: RISE 07 IdDBRCURY COLUUN 


cm. 

7A 

28.1 

7B 

25.0 

llA 

24.6 

IIB 

21.5 

lOA 

28.0 

lOB 

25.6 

12A 

21.9 

12B 

18.1 


* For fertilizer treatments see pages 185-186 of this article- The A and B plots arc 
treated identically, but receive applications of from 2000 to 4000pounds of lime every 5 years. 

The effect of the degree of dispersion is brought out more clearly in the 
time rate curves. (Figs. 1,2, and 3). They resemble true adsorption curves 
as outlined by Freundlich (1), being in reality replacement curves; the ad¬ 
sorbed hydrogen ions arrange themselves on the surface and, if other cations 
are present, have to share the space with them. For this reason the more 
acid soils axe dispersed more highly and react with a greater speed. The 
parallelism of the curves shows that the various soils possess the same type 
of colloid substance, var 3 dng only in degree of dispersioiL It is easy to pre¬ 
dict from the time rate curves the so-called “coUoidality” of the soil. 



cc-OiM Mf/ „ ccMAf/COH ccOiA/KOH 



Fig. 1. time Rate CtJEVES op Soils 7A, lOA, llA, and 12A foe 1914 




Fig. 3. Tbos Rate Cueves of Soils 7A, lOA, llA, and 12A.FdR 1922 
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That the coUoidality of the soil is increased with the increase of the re¬ 
placeable H ions has been pointed out in the first paper of this series (9). 
Table 7 gives the data on the suction force of limed and of unlimed soils. 
This suction force is an expression of the coUoidality of the soil. 

The lime as a coagulating agent, therefore, depresses the degree of disper¬ 
sion of the soil coUoids whereas the hydrogen peptizes the coUoids, increasing 
their reacting surface. 

The relation of the degree of dispersion brought about by increased acidity 
to lime requirement of soil will be the subject of the next paper. 

SUMMARY 

The subject of the r61e of the soil complex capable of base exchange or of 
the coUoid fraction is analyzed and discussed. 

The problem of soil acidity is reduced to the question of state of saturation 
and unsaturation of the soil complex capable of base exchange. 

Experiments were conducted to determine quantitatively the amoimt of 
hydrogen ions present in the soil complex. 

It is shown that the measurements of the H ion content in a water extract 
of soils add very little to our knowledge of the state of saturation or unsatu¬ 
ration. They give only an idea of the free acid present. 

The cycle of replacement of H ions in the presence of other cations is dis¬ 
cussed; the effect of this cycle on the Al-ions is presented. 

The potential acidity, or the replaceable H ions, of some of the soil fertility 
plots of the New Jersey Experiment Station was determined quantitatively. 

The speed of cation replacement is linked with the coUoidal nature of the 
soils investigated. 

Data presented show the effect of concentration of replaceable cations on 
the speed of replacement in the coUoid fraction of the soU. 

Temperature effects bring about a coagulation of the colloids and thus a 
slowing down of the replacement reactions. 

Time rate data show that replacement is speeded up by longer contact 
within certain limits. 

The time rate curves show typical adsorption curves. They point toward 
the coUoidality of the soils, corroborating the determinations made on the 
coUoidality of the soil by the suction force method. 
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OF MOISTURE TO CROPS IN SANDY SOILS* 
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The sandy soils of Wisconsin, as well as of other states, present a problem of 
no small dimensions to those who are actively engaged in utilizing them for the 
purpose of crop production. This fact may be emphasized more concretely 
by stating that approximately six million acres, I of the total area of the state, 
are recognized as sandy soils. Many areas of considerable size are very densely 
populated; some are undergoing development; and others are still in the virgin 
state. As the acreage of these soils under cultivation increases, the greater, 
from an economic point of view, becomes the problem of profitable crop 
production. 

Among the factors upon which successful crop production depends is that of 
fertile soil. To qualify as such, the soil should first, possess a favorable mois¬ 
ture supply; second, contain suflScient air; third, possess the quality of good 
tilth, fourth, contain a good supply of available plant-food elements; and fifth, 
be free from harmful influences. The two most important of these as related 
to sandy soils are the first and fourth, the effectiveness of the latter being largely 
dependent upon the former. 

The mean annual rainfall for Wisconsin, as cited by Whitson and Baker (30), 
is 31 inches, about half of which comes in May, June, July and August, and 
nearly 70 per cent from April to September inclusive. This amount with its 
favorable distribution normally supplies the needs of crops over the state as a 
whole. 

The utilization of the rainfall by crops, however, is closely related to the 
water-holding capacity of the soil, which, in turn, is governed largely by its 
texture and structure* Sandy soils, as a group, are coarse-textured, open soils 
of relatively low water-holding capacity. The effect of this is all too frequently 
reflected in materially decreased yields of crops grown upon them. 

1 Part of a thesis submitted to the Faculty of the Graduate School, University of Wisconsin, 
in partial fulfillment of the requirements for the Degree of Doctor of Philosophy. 

Published with the permission of the Director of the Wisconsin Agricultural Experiment 
Station. 

The writer wishes to express his appreciation of the valuable help and suggestions given 
by Professor A. R. Whitson, under whose direction this work has been done. 

^ Assistant Professor of Soils* 
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PURPOSE 

The three most important classes of sandy soils from the standpoint of their 
distribution are medium sand, fine sand and sandy loam. It is the purpose, 
therefore, of this investigation to study some of the factors affecting the supply 
of moisture to crops in these three soil classes. 

REVIEW OF LITERATURE 

Reports on the results of parallel investigations are few. Many studies have, 
however, been made on closely related phases, some of which may well be 
considered. 

The rate and amount of percolation of water has an important bearing upon the utilization 
of rainfall by crops. King (16) in his irrigation experiments on Plainfield sand shows that an 
application of 0.75 inch of water on sand containing an initial moisture content of 9.17 per 
cent reached a depth of 3 feet during 21 hours, and emphasizes the fact that when much more 
than one inch of water is applied at once, percolation is likely to occur. Suprunenko (28) 
notes a somewhat less rapid rate. Harris and Turpin (13) find that 0.1 inch of rainfall on a 
loam under dry-farming conditions cannot be detected in moisture determinations soon after, 
but within a short time a O.S inch fall increases the moisture content to a depth of 6 feet. 
Burr (8) finds that an inch of rain falling upon a very dry surface of fine sandy loam will seldom 
penetrate to a depth greater than six inches. King (14, 15), working with 10-foot columns 
of sands and of a sandy loam, shows that water in moist soils establishes itself in a gradient, 
the least at the top and the most at the bottom of the column, regardless of the previous 
distribution, Briggs (3) and Briggs and Lapham (4) find the most moisture nearest the 
source of supply and the least, farthest away. 

Irrigation studies by Loughbridge (20) show the downward movement of water through 
a sandy loam to be very irregular in its rate and in the amount retained at various depths. 

Columns of sandy loam, 7 feet long, with no evaporation, are shown by King (15) to retain 
23.27 inches of water after draining 60 days. 

The influence of soil type upon percolation is shown by Traps (9) in three years work with 
24-inch columns of four uncultivated heavy and sandy soils. The average annual rainfall 
during the period was 33.45 inches. He finds the average percolation for the three years 
from the clay and clay loam group to be twice as much (12.72 inches) as that from the sandy 
loam group (6.36 inches). The results are explained by the fact that the sandy group lost 
much greater quantities of water by evaporation than did the clay group. 

It has been shown by Principi (25) and Traps (9) that evaporation is most rapid from 
materials which have the largest pore spaces; the former (25) demonstrates that evaporation 
remains almost the same whether it arises from a free water surface or from thin films covering 
the particles of the wet material. Mohr (24) states that evaporation at the beginning is greater 
from wet soil surfaces than from a free water surface, but finally decreases until the reverse 
order is obtained. Harris and Robinson (12) and Wollny (31) on the other hand find a gradual 
increase in evaporation from graded sand particles as the size decreases. 

The evaporation from the moist surfaces of Janesville loam and Norfolk sand for a season is 
shown by King (17) to be 25.26 and 27.27 inches, respectively. He (16) also finds a much 
greater evaporation of water from a free water surface than from that supplied by rainfall for 
the corresponding period. Meyer (23) states that about 50 per cent of the evaporation from 
land occurs within three days after precipitation. 

Buckingham (7), studying the drying of soils under arid and humid conditions, finds a 
much greater rate of evaporation imder the former during the first four days, but the total 
loss of moisture becomes and remains greater under the latter conditions. 
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That soils possess a g;reat attractive and adhesive force for water been established by 
Bouyoucos (2). The comparative magnitude of these forces in different soils is e^ressed 
by SchuU (27), Briggs and Shantz (6), and Briggs and McLane (5). 

Wollny ^31) and Krakov (18) show that capillary rise in coarse-textured soils is less 
in fine, but that the rate of rise is at first directly proportional to the coarseness of the particles. 
Later, however, the reverse is true. 

The idea that capillarity plays a very important r61e in suppl 3 dng moisture to crops is 
gradually being discredited. Tulaykov (29), Gardner (10), Burr (8), Buckingham (7), and 
Lee (19) show the capillary lift of sandy soils to be low. The results of the work of L 3 nide 
and Dupre (21) on soil separates are likewise in dose agreement. 

Rotmistrov (26) concludes that water percolating beyond a depth of 16 to 18 inches in a 
clayey soil returns to the surface only by means of the roots of plants, and all waters not so 
utilized go down into the deeper layers of the soil, moving at a yearly rate of about seven feet. 

He says: “As regards the circulation in an upwards direction, there exists a wrong im¬ 
pression, which our literature has almost made a household word. It is maintained that 
water can rise to the surface from the deep layers by capillary action. I shall not name the 
authors who maintain this theory—they are too numerous; but I do not know of a single 
author who could prove this proposition. Of course, by ‘deep* soil layer almost any measure¬ 
ment may be understood: SO or 200 cm., 35 or 70 feet.Consequently by the 

word ‘deep’ must be understood those la 3 'ers into which the roots of cultured plants do not 
strike.” 

EXPERIMENTAL CONDITIONS 

A part of the experimental work was performed on soils transferred from the 
field into cylinders placed under somewhat different climatic conditions; the 
remainder, on field plots under nearly uniform climatic conditions. 

Cylinders 

Work with cylinders was conducted as three experiments: 

Experiment I, begun in 1916, included a series of 27 cylinders at Madison; Experiment II, 
begun in 1920, a scries of 6 cylinders at Madison; Experiment HI, begun in 1922, a series of 
18 cylinders at the Experimental Farm at Hancock, Wisconsin. 

The heavy galvanized iron cylinders are 18 inches in diameter. Each one is provided 
with a J-inch drainage pipe, J-inch above the bottom. A small amount of gravel was placed 
over the openings of the drain pipes to prevent them from clogging with soil. All cylinders 
in the second experiment at Madison and the third experiment at Hancock (figs. 2 and 3) 
are S3 inches in height and are sunk 18 inches apart, with their tops flush with the surface 
of the ground, the former within a screened inclosure. In the first experiment (fig. 1) cyl¬ 
inders 1,10, and 19 arc 27 inches; 4,13, and 22, are 78 inches; and the remainder, S3 inches in 
height. In setting these cylinders, 3 trenches—34.5 feet in length—were dug to depths cor¬ 
responding to the heights of the cylinders. To insure adequate drainage, a tile drain was 
laid beneath Ihe bottom of the trench in which the tallest cylinders were to be placed. Vitri¬ 
fied sewer tile, 22 inches in diameter, were then set in a vertical position flush with the surface 
of the ground so that the bells of the exposed joints were 18 inches apart in one direction and 
12 inches in the other. That portion of the trenches not occupied by the tile was filled with 
the excavated soil. The cylinders, which were within a screened inclosure, wwe then set 
within the appropriate tile and later filled with soil. 

Experiment IV included 3 series of plots, of 3 plots each, which were established on farms 
in the vicinity of Hancock, Wisconan, during the early spring of 1921. (Fig. 4.) The me¬ 
dium (100 series) and the sandy loam (300 series) plots were laid out in a north and 
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south direction; the fine sand (200 series) plots lie in an east and west direction. The medium 
sand series is level throughout; the fine sand series slopes gently to the west; and plot 2 of 
the sandy loam series slopes gently to the north to plot 3, which has slightly less elevation 



Fig. 1. Arrangement of Cylinders in Experiment I at Madison, Containing Medium 
Sand, Fine Sand, and Sandy Loam 



/Y 


Fig. 2. Arrangement of Cylinders in Experiment n at Madison, Containing Medium 
Sand, Fine Sand, and Sandy Loam from Experimental Plots Near Hancock 



Fig. 3. Arrangement of Cyunders in Experiment HI at the Hancock Experimental 
Farm, Containing Medium Sand, Fine Sand, and Sandy Loam From 
Experimental Plots Near Hancock 

than plot 1. The individual plots were 2 rods square—enclosing an area of ^ of an acre. 
They were separated by i-rod division strips and surrounded by a J-rod border strip. A 
general view of these series is shown in plate 1. 











SUPPLY OP MOISTURE IN SANDY SOILS 


201 


Soils 

The soils employed in all experiments belong to the Coloma series and are 
recognized as Coloma sand, Coloma fine sand, and Coloma sandy loam in the 
United States Bureau of Soils classification. 

The medium sand consists of loose sand of medium texture, very light brown, to a depth of 
7 inches. At this point the color changes rather abruptly to a brownish-yellow for a few 
inches and then grades into a golden yellow to a depth of at least 40 inches. The texture is 
quite uniform. 

The surface soil of the fine sand consists of a light yellow, loose sand of fine texture to an 
average depth of 8 inches, where it gradually grades into a darker yellow, slightly more com¬ 
pact, fine sand. At an average depth of 24 inches the color changes to a golden yellow, which 
persists to 40 inches. 

The sandy loam consists of a brown, loamy, medium sand to a depth of eight or nine inches. 
At this depth it grades into a brownish-yellow, loamy sand and becomes somewhat coarser 
in texture to a depth of 24 inches. From 24 to 36 inches the subsoil consists of a yellowish- 
brown, sticky, sandy loam containing some stones and bowlders, beneath which the soil be¬ 
comes somewhat more open 



Ftg. 4. Arrangement op Plots in Experment IV in Each op the Three Seres op 

Plots Near Hancock 

The soils used in experiment I at Madison were collected® before the plot 
areas were established and consequently vary somewhat in mechanical com¬ 
position from the soils used in experiments II and HI which were collected 
from the plot areas of experiment TV. A mechanical analysis was made in 
duplicate from well composited samples of each soil, according to the method 
used by the Bureau of Soils of the United States Department of Agriculture. 
The average results are given in tables 1 and 2. 

Inspection of the above data shows the medium sand and the fine sand to be 
within their prescribed limits. The sandy loam, however, contains less than 
the lower limit of 20 per cent of silt and day. 

The organic matter content in table 1 was determined by multiplying the 
organic carbon by the factor 1.724. These determinations were made in dupli¬ 
cate. The Truog test for soil acidity showed all soils to be from slightly to 
mediumly acid. 


* Collected by Professor E. J. Giaul. 





TABLE 1 

Mechanical composUion, organic matter and moisture equivalent of medium sand, fine sand, and 
sandy loam used in experiment I in cylinders 1-27 at Madison 


SOIL CIASS 

DEFTE 

flNE GRAVEL 

COURSE SAND 

MEDIUM SAND 

FINE SAND 

VERY FINE SAND 

1 

CLAY 

TOTAL 

ORGANIC M/VT- 
TER 

MOISTURE 

EQUIVALENT 

Sand.1 

Surface 

per 

cent 

1.88 


per 

cerU 

28.89 

per 

cent 

43.63 

per 

cent 

8.12 

per 

cent 

6.60 

per 

cent 

4.17 



5.89 

Subsoil 

2.15 

6.54 

31.46 

44.64 

5.87 

5.97 

3.61 


0.40 

4.14 

Fine sand.| 

Surface 

0.28 

1.20 

15.08 

67.30 

9.03 

3.46 

3.81 


0.56 

4.24 

Subsoil 

0.03 

0.99 


73.13 

9.42 


2.54 

101.10 


2.24 

Sandy loam.. 

Surface 

2.27 

2.60 

13.28 

43.69 

21.02 

14.12 

4.11 

101.09 

1.08 

8.28 

Subsoil 

5.18 

4.53 

17.88 

38.96 

18.78 

10.78 

3.74 

99.95 

0.29 

8.64 


TABLE 2 


Mechanical composition of soils used in experiments II, III, and IV, from field plots near 

Hancock 


DEPTH 

TINE 

GRAVEL 

COURSE 

SAND 

MEDIUM 

SAND 

FINE SAND 

VERY FINE 
SAND 

SILT 

CLAY 

TOTAL 

inches 

percent 

percent 

percent 

percent 

percent 

percent 

percent 

per cent 


Coloma sand 


0-6 

0.29 

16.28 

40.07 

29.14 

4.32 

5.80 

3.88 

99.78 

6-12 

0.40 

20.58 

42.74 

24.76 

3.71 

4.85 

3.60 

100.64 

12-18 

0.45 

17.86 

42.60 

28.69 

3.07 

4.29 

3.54 

100.50 

18-24 

0.40 

20.15 

44.28 

27.05 

2.32 

3.08 

2.89 

100.17 

24-^0 

0.47 

19.04 

41.88 

30.06 

3.13 

2.48 

2.59 

99.65 

30-36 

0.37 

19.67 

42.18 

30.26 

3.01 

2.33 

2.25 

100.07 

36-40 

0.37 

15.77 

40.13 

34.04 

4.96 

2.66 

2.24 

100.07 


Coloma fine sand 


0-6 

0.11 

7.32 

27.31 

51.53 

5.92 

4.86 

4.66 

101.71 

6-12 

0.19 

7.31 

25.47 

52.36 

6.05 

4.65 

3.67 

99.70 

12-18 

0.17 

7.36 

24.96 

54.41 

5.22 

3.96 

3.45 

99.53 

18-24 

0.16 

8.11 

25.56 

54.17 

5.71 

2.89 

3.55 

100.24 

24^0 

0.10 

6.33 

23.08 

58.86 

6.60 

2.00 

3.07 

100.04 

36-36 

0.30 

8.46 

26.62 

55.30 

6.34 

1.57 

2.32 

100.91 

36-40 

0.16 

6.36 

24.57 

59.91 

5.81 

1.33 

1.84 

99.58 


Cohfna sajidy loam 


0-6 

WM 

9.92 

20.82 

36.41 

13.69 

14.08 

4.85 

100.07 

6-12 

WEm 

8.79 

20.61 

40.52 

13.48 

11.71 

4,37 

99.75 

12-18 

WEm 

11.77 

23.77 

38.37 

12.38 

9.17 

4.10 

100.05 

18-24 


12.65 

24.70 

36.71 

11.62 

7.90 

6.26 

100.14 

24-30 

0.31 

12.18 

22.57 

35.20 

13.67 

9.02 

7.76 

100.71 

30-36 

0.64 

14.49 

26.12 

31.90 

10.78 

8.64 

7.61 

100.18 

36-40 

0.68 

13.51 

25.63 

33.05 

11.60 

7.72 

7.61 

99.80 
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The moisture equivalents in table 1 were determined in duplicate according 
to the method developed by Briggs and McLane (5). 

In collecting the soils for the cylinder experiments, the different strata were 
taken separately and placed in their natural order in the cylinders. During the 
process of filling, the soils were tamped to approximate field conditions of 
compaction. 

Rotation of Crops 

In the spring of 1917 a 3-year rotation of com, oats, and medium red clover 
was started in connection with experiment I. A crop of clover was harvested 
that year, but during the following winter and each succeeding one, the clover 
seeding was killed and soybeans were substituted in its place. Each crop was 
grown each year. 

In experiment II one rotation of com, oats, and soybeans was completed, one 
crop being grown each year. 

A rotation of corn, rye and soybeans was followed in experiment III, each 
crop being grown on each class of soil each year. 

^en the plots in experiment IV were established, a 3-year rotation of com, 
oats, and clover was planned, but was changed in 1922 to com, rye, and clover. 
Clover was seeded with oats in 1921 but as it did not survive the winter follow¬ 
ing, soybeans took its place in 1922. 

Fertilizer Treatment 

An attempt was made to supply sufficient plant-food materials to the soils 
so that the moisture supply, as determined by the texture of the soil, would be 
the limiting factor in crop production. The fertilizers were applied broadcast 
and were well worked into the surface in amounts sufficient to meet the require¬ 
ments of each crop. Group limestone was applied at the required rates as 
indicated by the Truog test for soil aridity. 

Moisture Determinations 

Samples of each of the three classes of soils were collected in experiment IV 
at varying intervals for moisture determinations, of which over 1200 were made 
during the 3-year period. Determinations were made on each individual plot. 
Samples at 6-inch intervals were taken to a depth of 36 inches, and at a 4-inch 
interval, to 40 inches. The composites from which the determinations of each 
were made were secured from three different portions of the plot. The samples 
were taken by means of a King soil sampler. 

The first four sets of determinations in 1921 were made on the entire com¬ 
posite for each depth in large tin boxes with tightly fitting covers. Between 
400 and 500 gm. of soil were used, the weighing being made on a Troemner 
solution balance. Later, however, small portions—about 50 gm.—of the 
composites were placed in small aluminum weighing boxes with tight fitting 
covers and the weighings made on an analytical balance. 
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The samples were dried at 106° to 108°C. in ovens placed above a four- 
burner Perfection oil stove. A thermometer was inserted through the side of 
each oven from which the temperature of the ovens was observed. The flames 
were regulated to hold the ovens within a 2-degree variation of temperature. 

Rainfall 

During the growing season of 1917 a record was kept of the amount of rain 
received within the screened enclosure at Madison. It so closely agreed with 
the record of the United States Weather Bureau that the observations in the 
enclosure were discontinued. 

At the Hancock Experimental Farm the amount of rainfall was secured from 
the farm meteorological records, and that for the outl 3 dng series of plots was 
secured from the farm records in 1921 and from rain gauges on each series in 
1922 and 1923. 

The results of field observations and of moisture determinations indicate 
that precipitation of less than 0.3 inch coming as an individual shower or as an 
accumulation over a two- or three-day period has practically no beneficial 
effect on the crops on these sandy soils. Figures 5 and 6 are, therefore, designed 
to show the amount and distribution of precipitation, during the growing sea¬ 
son, of 0.3 inch or more which fell during a one-, two-, or three-day period. 
The rainfall on the Coloma fine sand plots is practically identical with that at 
the Experimental farm. The graphs of the former, therefore, serve also as 
those of the latter. 

RESULTS 

Yields 

In order that the yields of crops in the four experiments may be easily 
compared, they have been reduced to average tons and bushels of each crop 
produced. In computing the average yields of grains, it has been assumed that 
the grain is that portion of the crop from which the farmer realizes the larger 
proportion of his cash income. The average yields of the grains, therefore, 
represent the returns the farmer would have obtained in growing the crops for 
that purpose during the years over which the various experiments were con¬ 
ducted. These averages are shown in tables 3,4, S, and 6. 

One of the outstanding facts shown in tables 3 and 4 is that of the extremely 
low average yield of oats, especially when grown on medium and fine sand. 
This agrees with the generally accepted belief that oats cannot be grown profit¬ 
ably on the lighter sandy soils. 

The average com yields on these soils are low. Table 3 shows a 7-year 
average of 6.8,11.3, and 18.0 bushels per acre for medium sand, fine sand, and 
sandy loam respectively, whereas table 6 shows a somewhat higher 2-year 
average of 21.1,13.2, and 28.7 bushels for the same classes of soil. The marked 
depressed yield of 13.2 bushels on the fine sand as compared to 21.1 bushels 
on medium sand is not in keeping with the yields in the other experiments, but 




Fig. S. Amount and Distribution of Rainfaii. or 0.3 Inch or More Occurring Within 


I-Day, 2-DAy, or S-Day Periods During the Growing Season at Madison 

1917-1923 
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Fig. 6. Amount and Distribution op Rainpaix op 0.3 Inch or More Occurring Within 
1-Day, 2-Day, or 3-Day Periods During the Growing Season at the Hancock 
Experimental Farm and the Plots Near Hancock 
The rainfall for Coloma fine sand is also the rainfall at the Experimental Farm during 1922 
and 1923. 

as yet it has been impossible to determine what condition or set of conditions 
produced it. By selecting the years in which the highest yields of com were 
obtained in experiment I, it is found that the medium sand produced a 2-yeai 




TABLE 3 

Average yields of corny oats, soybeans, and clover, from experiment I, grown on mediwn sand, 
fine sand, and sandy loam in cylinders 1-27, at Madison lPlT-1923 


C3ELOP 

ICEDIUMSAKD 

riNE SAND 

SANDY LOA^ 

Total weight 
of air-<iried 
^ material pro¬ 
duced on three 
cylinders from 
1917 to 1923 
inclusive 

Average 
ywly 
yield per 
acre 

Total weight 
of air-dned 
material pro¬ 
duced on three 
cylinders from 

1 1917 to 1923 
inclusive 

Average 
yearly 
yield per 
acre 

Total weight 
of air-dned 
material 
'duced on three 
cylinders from 
1917 to 1923 
inclusive 

Average 

yearly 

3 ficldper 

acre 


pounds 


Pounds 


pounds 


Com 7 years: 







Stover. 

128,162.5 

3.05 T. 

112,560.3 

2.64 T. 

143,489.8 

3.42 T. 

Grain. 

9,997.2 

6.8 bu. 

! 16,631.3 

11 3 bu. 

26,483.9 

18.0 bu. 

Total. 

138,159.7 

3.29 T. 

129,191.6 

3.07 T. 

169,973.7 

4.04 T. 

Oats 7 years: 








36,498.7 

0.87 T. 

41,230.8 

0.98 T. 

61,429.4 

1.46T. 


2,107.8 

3.1 bu. 

6,914 5 

10.3 bu. 

9,471.0 

14.4 bu. 


38,606.5 


48,145.3 

1.15 T. 

70,900.4 

1 1.68T. 

Soybeans 6 years: 

1 







54,741.3 ' 

1.52 T. 

55,513 5 

1.54 T. 

59,569.0 

1.65 T. 


8,829.2 

8.2 bu. 

8,068.7 

7.4 bu. 

9,357.8 

8.6 bu. 


63,570.5 

1.76T. 

63,582.2 

1.76 T. 

68,926.8 

1.91 T. 

Clover 1 year; 







Hay. 

11,562.5 

1.92 T. 

16,441.8 

2.74 T. 


2.34 T. 

Average ponndspro- 
dneed per acre 
during seven years 

3,949 

4,364 

5,010 


TABLE 4 

Average yields of corn and soybeans from experiment II grown on meditm sand, fine sand, and 
sandy lomn at Madison, 1921 and 1923 



1 

ICBDXUU; SAND 

FZNCSAND 

SANDY X.OAU 

caop 

Total 
weight of 
air-dried 
material 
produced 
on two 
cylinders 
ml921 
and 1923 

Average 
yearly yield 
per aac 

Total 
weight of 
air-dried 
material 
produced 
on two 
cylinders 
ml921 
and 1923 

Avera|;e 
yearly yield 
per acre 

Total 
weight of 
air-dried 
material 
produced 
on two 
cylinders 
ml921 
and 1923 

Averac^e 
yearly yield 
peraae 


pounds 

tons 

pounds 

tons 

pounds 

tons 

Com 1 year; 

(Stover). 

6,202.5 

1.55 

8,871.6 

2.22 

13,116.0 

3.27 

Soybeans 1 year: 

(Hay). 

5,444.8 

i 

1.36 

-. _._1 

5,708.6 

1.43 

7,269.1 

1.82 

Average pounds produced 
per acre during two 
years. 

2,911.8 

j 

3,645.0 


5,096.2 
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average of 23.8 bushels, whereas the fine sand and sandy loam produced a 3- 
year average of 26.4 and 42.0 bushels per acre, respectively. On the basis of 
the 7-year period, these better yields may be expected about 4 out of 10 years. 
In 1922, in experiment IV, com made a good yield for ensilage or grain. At 
70 cents a bushel the returns from medium sand, fine sand, and sandy loam 
were $29.40, $18.20, and $39.90 per acre, respectively. 

Soybeans as a seed crop, with average yields for 7 years of 8.2, 7.4, and 8.6 
bushels per acre (table 3) do not pay. On the other hand, fairly normal 

TABLE S 

Average yields of cortiy rye, and soybeans from experiment III grown on medium sandy fine sandy 
and sandy loam in the cylinders at tJie Hancock ExperimerUal Farniy 
1922-1923 


CROP 

MEDIUU S42TD 

riNE SAND 

SANDY LOAM 

Total weight 
of air-dried 
material pro¬ 
duced on two 
cylinders from 
1922-1923 

Average 
yearly 
yield per 
acre 

Total weight 
of air-dried 
material pro¬ 
duced on two 
cylinders from 
1922-1923 

I 

Average 
yearly 
yield per 
acre 

Total weight 
of air-dried 
material pro¬ 
duced on two 
cylinders from 
1922-1923 

Average 
yearly 
yield per 
acre 


pounds 


pounds 


pounds 


Com 2 years.: 







Stover. 

21,787.6 

2.72 T. 

18,385.2 

2.29 T. 

24,454.3 

3.05 T. 

Grain. 

2,335.8 

4.15 bu. 

4,195.0 

7.49 bu. 

5,081.5 

9.07 bu. 

Total. 

24,123.4 

3.01 T. 

22,580.2 

2.82 T. 

29,535.8 

3.69 T. 

Rye, 2 years: 







Straw. 

4,582.7 

0.57 T. 

3,686.4 

0.46 T. 

5,291.3 

0.66 T. 

Grain. 

1,933.3 

8.64 bu. 

1,464.2 

6.53 bu. 

1,686.4 

7.53 bu. 

Total. 

6,516,0 

0.81 T. 

5,150.6 

0.54 T. 

6,977.7 

0.87 T. 

Soybeans 2 years.: 







Hay. 

10,680.5 

1.33 T. 

15,829.6 

1.97 T. 

14,080.0 

1.76 T. 

Grain. 



.j 




Total. 

10,680.5 

1,33 T. 

15,829.6 

1 

1.97 T. 

14,080.0 

1.76 T. 

Average poundspro- 







duced per acre 







during two years.. 

3,443.3 


3,630.0 


4,230.3 



yields of hay are obtained. In 1922 in experiment IV, sandy loam, produced 
17,8 bushels of beans per acre whereas the medium sand and fine sand pro¬ 
duced 6,6 and 9.6 bushels, respectively. (Table 6.) 

From table 6 it is seen that in 1923 medium red clover made but 0.72, 0.43 
and 0.78 tons per acre on medium sand, on fine sand, and on sandy loam, respec¬ 
tively. The season was extremely dry and under more normal moisture 
conditions the yields would have been more than doubled, as indicated by the 
yields of 1.92, 2.74, and 2.34 tons per acre in table 3. 

A 2-year averageof 3 delds of winter rye in table 6 shows that 10.62,9.37, and 
26.16 bushels per acre were grown on medium sand, on fine sand, and on sandy 
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loam. This crop is one of the most reliable for sandy soils, as it matures suffi¬ 
ciently early to escape the longer periods of drought which frequently occur 
during July and August. 

On the basis of yields, precipitation, texture, and moisture determinations 


TABLE 6 

Average yields of com, oatSj rye, soybeans, and clover frofn experiment IV grovon on fidd plots of 
medium safid, fine sand, and sandy loam near Hancock, 1921^1923 


CROP 

&CEDXUU; SAND 

PINE SAND 

SANDY I.OAlf 

Total weight 
of air-dried 
material 
produced on 

comparable 

plots 

1921-1923 

Average 
yearly 
yield per 
acre 

Total weight 
of air-dried 
material 
produced on 
comparable 
plots 

1921-1923 

Average 
yearly 
yield per 
acre 

Total weight 
of air-dried 
material 
produced on 
comparable 
plots 

1921-1923 

Average 
yearly 
yield per 
acre 


pounds 


pounds 



pounds 


Corn, 2 years: 





i 



Stover. 

7,098 

1.77 T. 

6,556 

1.64 

T. 

10,516 

2.62 T. 

Grain. 

2,960 

21.14bu. 

1,850 

13.21 

bu. 

4,020 

28.71 bu. 

Total. 

10,058 

2.51 T. 

8,406 

2.10 

T. 

14,536 

3.63 T. 

Oats 1 year: 









1,420 

0.37 T. 

148 

0.04 

T. 

4,384 

1.09 T, 


160 

2.50 bu. 

60 

0.93 

bu. 

900 

14.06 bu. 


1,580 

0.39 T. 

208 

0.05 

T. 

5,284 

1.32 T. 

Winter rye, 2 years: 








Straw. 1 

2,330 

0.58 T. 

2,630 

0.66 

T. 

7,280 

1.82 T. 

Grain. 

1,190 

10.62 bu. 

1,050 

9.37 

bu. 

2,930 

26.16 bu. 

Total. 

3,520 

0.88 T. 

3,680 

0.92 

T. 

10,210 

2.55 T. 

Soybeans, 1 year: 








Straw. 

980 

0.46 T. 

980 

0.49 

T. 

1,770 

0.89 T. 

Grain. 

400 

6,66 bu. 

580 

9.66 

bu. 

1,070 

17,83 bu. 

Total. 

1,380 

0.69 T. 

1,560 

0.78 

T. 

2,840 

1.42 T. 

Clover 1 year: 








Hay. 

1,435 

0.72 T. 

855 

0.43 

T, 

1,555 

1 

0.78 T. 

Average pounds 
produced per 
acre during 
three years. 

2,079 

1,712 

3,882 


it is possible to discuss some of the factors affecting the supply of moisture to 
crops in these sandy soils. 

Effect of Texture on UtilizaMon of Moisture in Crop Production 

On July 26,1921 a rainfall of 0.S8 inch occurred which was recorded on the 
27th. Twenty-four hours after the rain had ceased moisture determinations 
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were made on cultivated com plots on each soil to determine the depth to which 
it had penetrated. Table 7 indicates that within 24 hours the effect of the rain 
was slightly apparent in the 12 to 18 inch depth of medium sand, but was 
almost wholly confined within the 6 inch depths of fine sand and sandy loam. 

August 3, eight days after the rain, another set of samples for moisture 
determinations were taken. Table 7 indicates that the effect of the rain in 
the medium and fine sands has disappeared but is evident in the 18 to 30 
inch depth in the sandy loam. The increase in moisture in the 24 to 30 inch 
depth in the sandy loam is S.12 per cent over that of July 27, an equivalent of 
0.4S inch. Penetrating at an observed rate of 4 inches a day, the influence 
of this rain should have been evident in the 30 to 36 inch depth. Since the 
observed depth of 4 inches was made whoUy within the surface soil, retardation, 
due to the more compact subsoil and to the demands made on the water by the 
growing crop, woifld account for this difference. The results obtained by Har¬ 
ris and Turpin (13) and Burr (8) from investigations with finer textured soils 


TABLE 7 

Changes in the water content of medium sand, fine sand, and sandy loam at different intervals 
after a 0.58 inch rain on corn plots 


DEPTH 

MEDIUM SAKD 

riHE SAND 

SANDY LOAM 


24 hours 

8 days 

24 hours 

8 days 

24 hours 

8 days 

inchts 

per coni 

percent 

percent 

percent 

percent 

percent 

0-6 

6.15 

2.47 


2.21 

7.22 

3.50 

6-12 

3.43 

2,89 

1.70 

1.49 

2.71 

2.81 

12-18 

3.01 

2.59 

1.60 

1.43 

2.33 

2.63 

18-24 

2.93 

2.54 


1.35 

3.24 

4.85 

24r-30 

3.29 

3.13 

1.55 

1.56 

2.64 

7.76 

30-36 

3.31 

3.70' 

2.38 

2.01 , 

5.62 

5.47 

3<HtO 

6.30 

5.95 

2.80 

2.42 

6.16 

5.63 


than those here employed, although not of the same magnitude, are in agree¬ 
ment with those reported above. 

The utilization of water falling as rain in supplying the needs of crops grow¬ 
ing upon sandy soils of low organic matter content is a function of texture. Its 
effect may be seen by studying the character and distribution of rainfall 
throughout any growing season in relation to the yields produced. The sea¬ 
son of 1920 in experiment I has been chosen because of the drought in July, 
The monthly predpitaton for the growing season is as follows: April, 0.43; 
May, 2.51; June, 5.62; July, 1.39; August, 2.61; and September, 1.12 indies. 

The rainfall data for 1920 show that during the growing season there were 9 
rains of 0.5 inch or more; 1 in May, 4 in June, 2 in July and 2 in August. The 
4 June rains totaled 4.04 inches and fell between the 13th and 16th. According 
to the work of King (16) on Plainfield sand at Stevens Point, Wisconsin, the 
medium sand held about one inch, the remainder percolating beyond the reach 
of the roots of crops. That this loss is permanent is further substantiated by 
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Grebe (11) who, from his study of the water lifting power of very sandy forest 
soils, concludes that sands and very fine sands do not lift water above the water 
table more than 13,1 and 19.7 inches, respectively. 

It is also shown in table 7 that water percolates more slowly through fine 
sand and sandy loam than through medium sand, the rate decreasing with the 
finer texture. Alway and McDole (1) have shown that 1 inch of water applied 
to the surface of “sandy land’^ with an initial moisture content of 4.9 per cent 
penetrated 10.3 inches at the end of S days. 

The 2 rains that fell on July 6 to 8, totaled 1.2 inches all of which was held by 
the soils. A very dry period of 34 days followed, during which 0.01 inch fell 
on July 30, 31 and August 8, and 0.07 on August 4. On August 12 and 13, 
0.64 inch; 20 and 21,1.37 inches; and 27 to 29,0.52 inch precipitations occurred. 
In September, 0.74 inch of the total 1.12 inches for the month fell during the 
first 9 days. A period of 34 days followed (September lO-October 13) during 
which 0.01 and 0.37 inch fell on September 19 and 26, respectively. 

In the light of the foregoing facts concerning the distribution of rain during 
the season, a study of the relative utilization of moisture as influenced by 
texture may be made on the basis of the yields of com. 

The sandy loam gave an increase of 1146.5 pounds per acre over the find sand 
and of 628.7 pounds over the medium sand. This indicates that the sandy 
loam is capable of retaining suflSdent moisture as a reserve from the heavier 
rains to supply the crop more adequately with moisture during the intervening 
periods of light showers. 

The fine sand, on the other hand, with its lower water-holding capacity, 
lost much more water by percolation from the heavier rains. Because the 
rate of penetration after a 0.5 inch rainfall is not much greater than that in 
the sandy loam, but nearly one-third less than in the medium sand, the fine 
sand has not been able to utilize the water from the lighter showers so economi¬ 
cally as the medium sand. 

In experiment II the rainfall records for 1921 show that the precipitation 
for the growing season is as follows: April, 5.16; May, 5.13; June, 3.52; July, 
2.46; August, 3.97; and September, 7.9 inches—a total of 28.14 inches. This 
is exceptionally high. The distribution, with the exception of the first 22 days 
of July, is almost ideal. (Fig. 5.) Under these conditions the influence of tex¬ 
ture on the utilization of moisture as indicated by yields in table 4 is shown in 
the order of medium sand, 1.55; fine sand, 2.22; and sandy loam, 3.27 tons of 
com per acre. 

During the 1923 growing season 2.59 inches of rain fell in April, 1.90 in May, 
3.05 in June, 2.28 in July, 5,59 in August, and 4.36 in September—a total of 
19.77 inches. Because of the light amount of precipitation in May, the soils 
were somewhat deficient in moisture at the time the soybeans were planted. In 
June, 1.92 of the 3.05 inches fell dining the first 6 days, the remaining 1.13 
inches falling as light showers mostly between the 25th and 28th. Another 
period of light rainfall occurred between July 11 and 31. The August dis- 
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tribution was good and so continued until September 21, followed by a dry 
period of 22 days. Under these seasonal conditions the medium sand utilized 
its moisture as well as the fine sand, which is indicated in table 4 by the yields 
of 1.36 and 1.43 tons of soybean hay per acre, respectively. The sandy loam, 
with its inability to utilize the lighl rains of June and July failed to give the 
larger proportionate 3 deld that would have been possible under a more uniform 
distribution of heavier rains, as indicated by its yield of 1.82 tons per acre. 

Many similar comparisons of the results of the cylinder experiments agree so 
closely with those above that no further comment will be made on them in this 
connection. 

The rainfall during the growing season for oats in 1921 was unfavorable on 
the plots in experiment IV. Figure 6 shows that the distribution of rain in 
April was characterized by light showers with a 1.6 inch rain on the 27 th, 
following which no rain fell for 14 days. From May 12 to 27, 2.71 inches fell 
in 6 well distributed showers. During June, 0.7 and 0.6 inches fell on the 7th 
and 12th, and 0.35 on the 26th and 27th, making a total of only 1.6S inches 
for the month. The July precipitation of 1.48 inches was less well distributed 
in four showers than that of June. 

The effect of texture in utilizing moisture for the oats crop is shown in table 
6. The sandy loam was able to hold within reach of the roots of the oats a 
sufiScient portion of the 1.6 inches of rain in April and the 0.97 inch and 1.05 
inches falling May 18, 26, and 27, to produce a yield greater than on the 
medium and fine sands. The effect of the marked infrequency of light showers 
in May and June is reflected by the low yield on the medium sand. The fine 
sand, on the other hand, unable to use efficiently the water of the few light 
showers and that of the heavier rains, produced the least. A comparison of 
the heights of the oats on the different soils on Jime 28, is shown in plate 2. 

The season of 1922 was marked by a total and well distributed precipitation 
of 23.24 inches as compared to the 16.17 inches of 1921, A study of the rain¬ 
fall distribution on the medium sand plots in figure 6 reveals a decided grouping 
of rains during April and May with 4 rains during the first IS days in June, 
1 of which is 3.56 inches on the 10th and the other 1.25 inches on the 13th. 
A period of 22 days follows without rain until May 6 following which well 
distributed rains of over O.S inch occur. Three groups of rains, which are 
well distributed, occur in August, and in September two groups occur during 
the first two weeks. 

Under these conditions, 6960, 5250, and 10420 pounds of com; 1380,1560, 
and 2840 pounds of soybeans; and 2100, 2960, and 7170 pounds of rye were 
produced per acre on the medium sand, on the fine sand, and on the sandy loam 
respectively. These yields indicate that the heavy rains in April and June, 
were sufficiently held by the sandy loam to supply moisture to the com crop 
during its vigorous growing period in July and August, whereas the lighter 
showers of July and August were better utilized by the medium sand than by 
the fine sand. 
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The fine sand showed but little difference from the medium sand in its supply 
of moisture to soybeans. The sandy loam, however, responds as in the case of 
the com crop. 

Rye made its maximum growth in May and June. The grouping of the rains 
in May and June was such that a good portion of them falling during each 
period was lost for the crop by percolation from the medium sand, less from the 
fine sand, and the least, if any, from the sandy loam. Consequently during 
the 22-day period of no rain in June and July, the supply of moisture in the 
medium sand was reduced below that of the &ie sand in the root zone and was 
reflected in the aforementioned 3 delds. 

During the growing season of 1923 but 14.9 inches of rain fell. Its distribu¬ 
tion is characterized by long periods of very little or no precipitation and a 
small number of light showers under 0.5 inch. 

The effect of texture on the supply of moisture under these conditions is 
shown by the yields obtained. Com produced 3090, 3156, and 4106; and rye 
1420,1620, and 3040 poimds per acre on medium sand, fine sand, and sandy 
loam, respectively. There is but little difference between the effect of the fine 
sand and medium sand in their utilization of water, especially in the case of the 
shallower rooting rye. The former, however, gave an increase over the latter 
of 200 pounds of rye. 

The com crop as it appeared on August 4 is shown in plate 3. 

When the average number of poimds per aae of all crops produced during 
the three years is considered, it is evident that the medium and fine sands are 
similar in their ability to supply water to the crops, the former producing 
slightly more than the latter. The sandy loam, however, is most efihdent, as 
shown in table 6. 

The assemblage of the yields of the various crops produced on all of the 
cylinders and plots shows the average weight of dry matter produced per acre 
on medium sand, on fine sand, and on sandy loam to be 3327, 3588, and 4668 
pounds, respectively. The difference between the productive capacity of the 
medium and fine sand is small. This shows that from the standpoint of pro¬ 
duction their value is nearly identical. It would be entirely feasible, therefore, 
in a classification in whicli productiveness is considered essential, to group these 
two classes of soils together as one. 

The effect of texture on the utilization of moisture is shown further by a 
study of the moisture content of the soil in relation to the amount and 
character of distribution of the rainfall. 

On July 5,1922, moisture determinstions of each class of soil were made to a 
depth of 2 feet. Prior to this date a 28-day period occurred which was charac¬ 
terized by a few heavy rains; following it, a 23-day period marked by frequent 
rather light rains occurred. The precipitations during the two periods are 
given in table 8. 

Moisture determinations were made for each class of soils on June 6, the 
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beginning of the first period, and on Jxily 29, the dose of the second period. 
These results and also those for July 5 are shown in table 9. 

After receiving 5.76 inches of rain, the medium sand contained 0.17 inch less 
water on July 5 than on June 6. But at the close of the second period on July 
29, after receiving 2.95 inches, it contained 0.05 inch more water than on July 5. 

The fine sand received 5.13 inches during the first priod, at the close of which 
it contained 0.41 inch less water than at the beginning. On the other hand, 
after receiving 2.96 inches throughout the second period it contained 0,25 
inch more water than on July 5. 


TABLE 8 

PrecipHaihn on the mediim sand, fine sand, and sandy loam plots Jtme 6 to July 29, 1922 


2S-DAY PERIOD 

23-DAy PERIOD 

Date 

Medium 

sand 

Fine sand 

Sandy 

loam 

Date 

Medium 

sand 

. 

Fine sand 

Sandy 

loam 

June 8. 

June 10. 

June 13. 

June 27. 

inches 

0.87 

3.56 

1.25 

0.08 


inches 

0.76 

2.88 

1.10 

0.09 

July 6. 

July 9. 

July 12. 

July 15. 

July 16. 

July 17. 

July 22. 

inches 

0.83 

0.51 

0.52 

0.03 

0.04 

0.51 

0.51 

inches 

0.86 

0.51 

0.51 

0.03 

0.05 

0.50 

0.50 

inches 

0.66 

0.52 

0.52 

0.04 

0.05 

0.51 

0.51 

Totals. 

S.76 

5.13 

4.83 


2.95 

2.96 

2,81 


TABLE 9 

Moisture content of the first 2 feet of mediwn sand, fine sand, and sandy loam plots on 

the dales indicated 


DATE 

MEDIUM S^D 

PINE SAND 

SANDY LOAM 


inches 

inches 

inches 

June 6. 

0.80 

0.99 

1.17 

July 5. 

0.63 

0.58 

1.12 

July 29... 

0.68 

0.83 

0.72 


This shows that the medium sand and fine sand contain more water in the 
first 2 feet when about one-half the rainfall is distributed as light rains, than 
when it comes as infrequent and heavier rains. The sandy loam, however, 
utilizes the heavier, less frequent rains to better advantage than the lighter, 
more frequent rains. 

SUMMARY 

The marked depression in yields of crops on sandy soils during seasons of 
limited or poorly distributed rainfall has long been commonly noted. The 
greater portion of these soils is included in the medium sand, fine sand, and 
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sandy loam classes established by the Bureau of Soils of the United States 
Department of Agriculture. The results of numerous investigations would 
lead to the conclusion that there might be marked differences among these 
soil classes with respect to their ability to supply moisture to crops. It seemed 
desirable, therefore, to make a study of the moisture relationships of these 
soils in order to determine to what degree their moisture content, under vary¬ 
ing seasonal distribution of rainfall, becomes a limiting factor in crop 
production. 

1. The study was conducted as four ejcperiments on field plots and on cylinders of each 
class of soil under similar and under somewhat different climatic conditions. 

2. The soils used were Coloma sand, Coloma fine sand, and Coloma sandy loam, all having 
a low organic matter content. 

3. Appropriate fertilizers were applied in amounts adequate to supply the needs of the 
crops so that the moisture supply, as determined by the texture of the soil, would be the 
limiting factor in crop production. 

4. Corn, oats, clover, rye, and soybeans were the crops empbyed. 

5. Over 1200 moisture determinations were made on the plots in experiment IV. 

6. Precipitation data at Madison were secured from the records of the United States 
Weather Bureau, and those at Hancock, from the Experiment Farm records and from out¬ 
lying rain gauges. 

7. The oats crop is not adapted to the sandy soils employed. 

8. Com for ensilage can be produced on the three classes of soil, but when it is gro\m for 
grain, should be confined to sandy loam for more profitable yields, 

9. Profitable yields of corn, based on the 7 years^ work in experiment I, may be expected 
4 out of 10 years. 

10. Rye is the small grain crop best adapted to these sandy soils. 

11. As a forage crop, soybeans yield well on the three soil classes. More profitable yields of 
seed arc grown on sandy loam, as indicated by the yields from experiment IV in 1922 when 
medium sand and fine sand produced 6.6 and 9.6 bushels per acre, respectively, whereas 
sandy loam gave a yield of 17.8 bushels. 

12. The penetration of moisture on cultivated com plots 24 hours after a 0.58 inch rain is 
into the 12 to 18 inch depth of medium sand, but is almost wholly confined to the 6 inch depths 
of fine sand and sandy loam. Eight days after the rain, its effect in the medium and fine 
sands has disappeared but is evident in the 18 to 30 inch depth of sandy loam. 

13. Medium sand supplies crops with more moisture from light rains and showers than 
does fine sand or sandy loam when tlie precipitation comes at a time when the initial moisture 
content of the soils is low. The greater water-holding capacity of sandy loam enables it to 
store a sufficient supply from the heavier rains to produce the largest yields under the type of 
seasons during this investigation. 

14. The difference between the productive capacities of medium and fine sand, as deter¬ 
mined by their ability to meet the water requirements of crops over periods of 2 to 7 years, 
is negligible, and suggests the feasibility of grouping them together as one class in any system 
of classification in which productiveness is considered an essential factor. 
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PLATE I 

Fig. 1. View of medium sand plots (100 bcries) toward the Ssmlhwcst corner. 

Fig. 2. View of fine sand plots (2(X) series). (Jcntle slope from road toward camera. 
Fig. 3. View of sandy loam plots (300 series). Cientle slope from road toward camera. 
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PLA'FE 2 

Fio. 1. Oats on medium band plots, June 28,1921. 
Fig. 2. Oats on line sand plots, June 28,1921 
Fig. 3. Oats on sandy loam plots, June 28, 1921 
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Fig. 1. Corn on medium sand plots, August 4,1923. 
Fig. 2. Corn on fine sand plots, August 4,1923. 

Fig. 3. Corn on sandy loam plots, August 4,1923. 
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INmODTJCnON 

In the course of a previous investigation by the writer (8) conducted during 
the season 1923-24, examinations were made of the numbers of bacteria, 
actinomycetes, fungi, and protozoa occurring at different depths in soil 
throughout the course of the winter months. Quantitative determinations 
were conducted at 2- to 3-week intervals from November 14 to April 21. 

Although it was found that frozen soil under winter conditions such as 
prevail in Eastern Canada is capable of harbouring large numbers of the 
microorganisms studied, the results strengthened the belief that they are in 
a dormant state under conditions of frost. 

The numbers of bacteria, developing on albumin agar plates incubated for 
12 days at 20®C., remained high throughout the winter, very little variation 
from the count on November 14 being recorded throughout the period of 
frost. Although the numbers were not lessened when the soil actually be¬ 
came frozen, no phenomenal increases were observed which would lend sup¬ 
port to the theory of stimulation through frost to which other observers, 
notably Conn (2, 3, 4) and Brown and Smith (1) would ascribe increases 
reported by them. Only with the advent of mild conditions was a noticeable 
increase in numbers observed. Parallel determinations by the direct micro¬ 
scopic method of Conn (7) gave no fluctuations which could be ascribed to 
anything apart from the high experimental error inherent in such a method. 
From a qualitative standpoint, the method is of greater value when some 
idea of the types and arrangement of the bacteria is given. In frozen soil, 
diort rods comprised the great majority of the bacteria observed, present for 
the most part as single cells, the average number of individuals in each group 
varying from 1.33 to 1.75 during the period. 

Actinomycetes, as determined by the plate method, appeared to remain 
more or less stationary in numbers, forming, however, a considerable propor¬ 
tion of the colonies found on the albumin agar plates. At a depth of 2 in¬ 
ches they comprised 27.2 per cent of the total bacterial colonies; at 6 inches, 
34.7 per cent; and at 10 inches, 39.6 per cent. 

The figures for the fungi revealed the only instance where marked increases 
throughout the season were recorded. Plate counts made on an agar medium 
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of pH = 4.0 as described by WaJssman (9), showed r^fularly increasing num¬ 
bers throughout the period of frost at the three depths studied. The sig¬ 
nificance of the plate count with fimgi is different from that with bacteria and 
is probably related to the ability of the former to produce multiple spores. 
For that reason and also in the light of tests made with the other organisms, 
the increased counts obtained are taken to indicate increased spore produc¬ 
tion rather than enhanced vegetative activity. 

Protozoa, as determined by the dilution method, decreased in numbers at 
the upper level throughout the frost period. At lower depths no changes were 
observed. After thawing at the end of winter, marked increases were found 
at the 2- and 6-inch lev(^. 

With the object of gaining some insight as to the possible development of 
a special “winter” group of bacteria, whidi would tend to have a lower op¬ 
timum growth temperature than a hypothetical “summer” group, deter¬ 
minations were made throughout the winter not only of bacteria developing 
at 20®, but of those developing at 3® and at 37®C. The results obtained 
pointed against the existence of a group of “winter” bacteria. The 20® 
cormts were in all cases much in excess of those at 37® or at 3®, the great dif¬ 
ference holding not only for soil in the late fall, but equally so in the case of 
winter soils. On the basis of the theory of special “winter” bacteria it would 
be expected that during the course of the cold season a change would be ob¬ 
served in the proportion of bacteria developing at the different temperatures. 
The proportion of those developmg at 37® to those at 20® would be expected 
to decrease, whereas those devdoping at 3® would be proportionatdy more 
numerous. The data, however, show no downward trend at 37®, and on the 
other hand, no iq)ward tendency of organisms capable of growth at 3®. The 
only actual marked increase in the munbers of colonies on low temperature 
plates occurred at the end of the period of frost. Most of the bacteria in 
winter soils seem incapable of development at low temperature, and further, it 
would seem that organisms actually capable of growth at bw temperature de- 
vebp, not under conditions of frost, but in imfrozen or thawed soil. In fur¬ 
ther support of this view is the fact that the only instance of inaeasing counts 
of organisms on low temperature plates occurred at 10 inches, at which depth 
the soil remained unfrozen. 

In the course of a special study of bacteria capable of growth at bw 
temperature (3°C.) isobted from the soil after it had been frozen for 10 weeks 
at 2 inches and for over seven weeks at 6 inches, 20 presumably distinct 
species were isolated. Of these only 1 showed better growth at 3® than at 
20®, 3 diowed approximately equal growth at the two temperatures, whereas 
the remaining 16 species all grew noticeably better at 20® than at 3®. The 
most abundant species bdlong to this last group. The results indicate that 
the bacteria of frozen soil are to be regarded as cold-miuting rather than 
psychrophilic in the true sense. 
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FURTHER STUDY OF BACTERIAL TYPES 

During the winter 1924-25 further studies were made of frozen soil from 
the same field, which had in the meantime grown a crop of com followed by 
fall plowing. It was planned to continue a study of the types occurring in 
frozen soil with emphasis laid also on their quantitative relationships. 

Samples at 2-, 6-, and 10-inch depths were taken March 13, 1925 toward 
the end of the period of frost, at which time any possible adjustment of types 


TABLE 1 

Bacteria found in frozen soilj March 13,1925 


ICEDItnC 

INCUBATXON 

TRWPngP /ITTTPTf. 

2-ihcs 


lO-mcH 


•c. 




Albumin agar. 

37 

6,800,000 

6,900,000 

1,450,000 

Albumin agar. 

20 

33,900,000 

25,900,000 

6,800,000 

Albumin agar. 

3 

2,030,000 

1,570,000 

550,000 

Soil estract agar. 

3 

2,600,000 

1,730,000 

380,000 

Nutrient agar. 

3 

6,080,000 

6,500,000 

1,330,000 


TABLE 2 

Bacterial types in frozen soil developing on albumin agar at 20^ and 3^C, 




20*C. 


3“a 

npBs 

Cultures 

isolated 

Approxbiate 
number 
per gram soil 

Cultures 

isolated 

Approximate 

number 

pergramaoil 

Total,. 

206 

percent 

100.0 


80 

percent 

100 


Actinomycetes. 

62 

30.1 

9,000,000 

0 

0 

0 

Bacteria... 

144 

69,9 

20,900,000 

80 

100 

1,800,000 

Micrococci (Slowly or non- 
liquefidng). 

4 

2.0 

600,000 

0 

0 

0 

Short rods (Slowly or non¬ 
liquefying. 

89 

43.2 

12,900,000 

72 

90 

1,600,000 

Short rods (Rapid liquchers).. 

5 

2.4 

700,000 

0 

0 

0 

Medium to large rods (slowly 
or non-liquefying. 

26 

12.6 

3,800,000 

0 

0 

0 

Medium to large rods (Rapid 
liquefiers). 

4 

2.0 

600,000 

0 i 

0 

0 

Unclassified. 

16 

7.8 

2.300,000 

8 

10 

200.000 


through frost would have been accomplished. Triplicate plates were made 
of all dilutions, and parallel series of plates were prepared for incubation at 
37% 20®, and 3®C. The medium used was the albumin agar of Brown as 
modified by Waksman (10), though in addition soil extract agar and nutrient 
agar were used for plates incubated at 3®* The results of the quantitative 
tests are given in table 1. 
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As was found the previous winter the number of organisms appearing at 
20“ was greatly in excess of the 3“ count, even after more than 2 months 
continuous frost. Most of the bacteria of frozen soil appear to be incapable 
of development at low temperatiure. 

KREQTJENCY OF DIFFERENT BACXERIAX TYPES IN FROZEN SOID 

A comparison was made of the frequency of the different types of organisms 
developing on albumin agar at 20“ and at 3“ respectively. For this purpose 
the soQ at 2 and 6 inches only was considered, the sample at 10 inches being 
below the frost line. 

T^ical plates from the 2- and 6-inch sets were selected, and aU colonies 
tranrferred for pure culture study. Plates showing rather fewer than 100 
colonies were chosen, although in cases where rather more were present one- 
half of the plate only was used for isolating. Determinations of morphology 
and certain cultural characteristics were made, though in a number of cases 
where transfers showed no growth, the organisms could not, in consequence, 
be classified. The data presented in table 2 represent averages for the 2- 
and 6-inch depths. 

Of the bacteria in winter soils, the short rods, non-spore-forming and with 
little or no liquefying power, appear to form the largest group. This type, 
also appears to represent most of the bacteria capable of low temperature growth 
(3“C.). Short rods of the rapidly liquefying type are numerically much less 
important. Rods of larger size are likewise less important, and belong to 
the dass which is much inhibited by low tmperature. Micrococci form a 
numerically insignificant group. 

Actinomycetes comprise an important group of organisms, a group which 
under moderate temperature conditions may be physiologically as well as 
numerically important. On the plates at 3“C. however, they were absent, 
and it appears reasonable to assume that even before the soil is in a frozen 
state they lose their activity with the lowering temperature. 

Although the medium, albumin agar, was different from that used by Coim 
(5) who employed gelatin in the course of an investigation into bacterial types 
in soQ, there is a general agreement with the relative abundance of the various 
groups reported. Conn found that the non-sporulating, slowly or non¬ 
liquefying short rods comprised the largest group (40-75 per cent), with 
Actinomycetes next in point of abundance (12-50 per cent). Non-spore- 
forming, liquefying short rods as well as spore-formers of the B. subtiUs 
group were under 10 per cent, whereas but few micrococci were observed. It 
would appear that these organisms from frozen soil represent a “character¬ 
istic soil flora” and the belief is further strengthened that no change to a 
“winter” group follows prolonged frost, the soil microflora being rather 
donnant. 
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STUDY OP ORGANISMS DEVELOPING ON 3® PLATES 

A more detailed study was made of the characteristics as well as of the 
relative frequency of the species appearing on the 3® plates of albumin agar, 
of soil extract agar, and of nutrient agar. Typical plates were selected from 
the 2- and 6-inch samples from which colonies were subcultured for pure 
culture study. In certain cases where appearance and low-power examina¬ 
tion pointed to identical types, all were not subcultured but merdy recorded. 

TABLES 


Characteristics and frequency of haderial species from frosen soil deoehping at 3^C, on n/Ment 
agar (average of 2- and 6-inch depths) 
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B 

sL 

— 



— 

— 

Cll 

40,000 

Large rod 

+ 

— 

+ 

— 

si 

— 

— 

B 

+ 

— 



— 

— 

BlOl 

40,000 

Medium rod 

T 

+ 

— 

Brown 

+ 

— 

— 

B 

B 

— 



— 

— 

CS 

20,000 

Coccus 

— 

B 

+ 


— 

- 

— 

B 

B 

— 

+ 

+- 

+ - 

— 

C6 

20,000 

Coccus 

— 

B 

- 

Brown 

— 

- 

- 

B 

B 

— 

+ 

+- 

— 

— 

C12 

20,000 

Short rod 

— 

B 

- 

-- 

si 

-- 

- 

+ 

+ 

— 

- 

4~ 

— 

— 

A1 ! 

20,000 

Short rod 

— 

B 

- 

- 

si 

- 

— 

- 

— 

— 

— 

— 

— 

— 

B4 

20,000 


— 

B 

— 

— 

— 

- 

- 

- 

— 

— 

— 

— 

— 

— 

C106 

20,000 

Large rod 

+ 

-1- 

- 

— 

si. 

- 


- 

+ 

— 

+ 

— 

— 

— 

CX3 

20,000 

Slender rod 

— 

+ 

— 

YeUow 

si. 

— 

— 

— 

— 

— 

— 

— — 


— — 


-1- positive, — negative, si. slight, -I— add but no gas,-no add or gas. 


Over 100 cultures were studied. This number was reduced by cultural 
and morphological tests to 23 that could be presumed to be distinct qwdes. 
Of these, 16 appeared on the nutrient agar, 7 on albumin agar, and 6 on soil- 
extract agar, identical spedes appearing in some cases on two or on aH three 
media. As the nutrient agar gave not only the highest total count but also 
exhibited the greatest number of t 3 pes, the determinations in table 3 refer 
to this medium. The data refer to low temperature observations, all cultures 
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being kept at 3°C. for 15 days—though gelatine and milk tubes were kept 4 
weeks—^before final observations were made. 

In classifying the cultures, it was frequently found that certain strains, 
although macroscopically and microscopically similar, differed in some 
characteristics from the majority of the type. These differences were gen¬ 
erally with respect to nitrate reduction, or to acid or ammonia production, 
and were not considered sufficiently distinctive for separate classification. 
The short rod forms, on the other hand, showed in many cases a similar 
microscopic appearance both as to size and grouping. The types given in 
the table, however, showed macroscopic as well as biochemical differences 
which appeared to warrant specific distinction. 

The great majority of the bacteria growing at 3°C. on nutrient agar were 
foimd to be diort rods which appeared usually as punctiform or small lens¬ 
shaped colonies. These were non-sporulating bacteria, 0.5 to 1.4^ long, 0.3 
to 0.5;t wide, growing singly or in pairs, chains never having been observed. 
Another group composed of slender rods, 1 to 2.5/4 long, 0.3/x wide, the colonies 
of which were brown to yellow in color, was much less numerous than the 
short rods. The larger rods and micrococci formed even less numerous groups. 

A very limited number of types appeared to predominate on the 3° plates, 
the overwhelming majority of the colonies being representatives of but two 
types. The most abundant organism (A7), comprising more than half the 
colonies, appears to correspond to the most abundant type of the non-spore¬ 
forming organisms described by Conn (6), namely the non-chromogenic, 
slowly liquefying type of “slow growers.” Although our cultures were all 
kept at 3°C., the characteristics, as far as determined, appear similar to this 
type. Our second type in point of abundance, incapable of liquefaction, 
likewise appears to coincide with the non-chromogenic, non-liquefying type 
of Conn which appeared as the second most numerous type, the reduction of 
nitrates being the only apparent point of difference. Ihis feature is to be 
regarded, however, as somewhat variable. 

As all the types described above grew rather better (some much better) 
at 20° than at 3°, none of the cultures represent truly psychrophilic organisms. 
It would appear rather that the bacteria of frozen soil, even those capable of 
low temperature growth, represent types which are common to soil at other 
seasons rather than a distinct winter microfiora. 

SUMMARY 

A study was made of bacterial types in field soil which had been frozen for 
more than two months. 

Determinations were made of the frequency of various types developing on 
albumin agar plates at 20° and at 3° respectively. Apart from Actinomy- 
cetes which did not devdop at the low temperature, the number of colonies 
appeaiiig at 3° was less than 10 per cent of those at 20°, most of the bacteria 
of frozen soil being incapable of low temperature growth. 
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At 20® the most abundant type was the group of non-sporulating short 
rods, non-liquefying or slowly liquefying, and the next most abundant group 
was that of Actinomycetes. Rapidly liquefying rods and micrococci were 
found to be numerically unimportant. At 3® the non-liquefying or slowly 
liquefying short rods formed a higher proportion of the bacterial colonies, 
the other groups showing even less capability for low temperature growth 
than these forms. 

The microflora of frozen soils does not appear to exhibit characteristics 
different from that of other seasons. 

Sixteen type species, isolated from nutrient agar plates at 3®C. have been 
described, as well as their approximate frequency. Two types predominate 
—^both non-sporulating short rods—one slowly liquefying, one non-liquefy¬ 
ing, and appear to be representative soil types of other seasons which develop 
better at more moderate temperatures. 
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THE PRODUCTION AND USE OF SULFATE IN HUMID AND ARID 
SOILS AS AFFECTED BY CROPPING AND SULFUR 
TREATMENTS^ 


WILLIAM W. JOHNSTON 
Oregon AgrieuUwal College Experiment Station 

Kecoved for publication September 5,1925 


The application of elemental sulfur to different t 5 ^es of soils has produced 
varied and non-uniform results. Crop response from applications of sulfur 
does not necessarily vary as the total amount of sulfur in the soil. In fact, a 
determination of the total soluble sulfate at any one time does not seem to be 
an index of the result that can be expected from sulfur fertilkation. 

It is generally believed that sulfur needed in the nutrition of the plant is 
taken up in the sulfate form, and the indirect effects from the use of elemental 
sulfur in making soluble certain other plant-food elements, such as calcium, 
potassium, and phosphorus, also depend upon its oxidation in the soil to sul¬ 
fate. Whatever may be the direct action of sulfur upon the soil, it seems 
quite certain that the production of a suitable supply of sulfate throughout a 
considerable part of the growing season, either from the soil supply, or from 
that added as a fertilizer, is essential for plant growth. 

A great many papers on sulfur in its relation to agriculture have been pub¬ 
lished, and since the data up to 1922 have been well summarized by Joffe (8) 
it appears unnecessary to include a general review of the literature on the sub¬ 
ject in this paper. Most investigations on sulfur oxidation have been with 
uncropped soils; some have been with soils under crop; but a careful survey 
of the literature fails to reveal any investigations which have been comparative 
on cropped and uncropped soils of different reaction and of known response to 
field applications of sulfur. 

In the light of our present knowledge of the relations of soils and crops it 
appears reasonable to believe that sulfate production and accumulation in a 
cropped soil might be different from that in the same soil when fallowed, and 
that the crop might not affect all soils alike. 

^ Part of a thesis submitted to the Graduate School of the University of Missouri, in partial 
fulfillment of the requirements for the degree of Master of Arts, June, 1925. 

Published with the permission of the Director of the Missouri Agricultural Experiment 
Station. 

Acknowledgment for many valuable suggestions and criticisms, is due Dr. F. L. Duley 
of the University of Missouri, under whose direction this study was made. 
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OBJECT OF THIS INVESTIGATION 

This research was planned to study the effect of the crop on sulfate produc¬ 
tion in different soils, the effect of such sulfate on soil reaction, on crop growth, 
and on percentage of sulfur in the crop. As a secondary consideration some 
data have been secured relative to the recuperative powers of the various soils 
studied for sulfate after a depletion has taken place as the result of cropping. 

EXPERIMENTAL 

Soils 

The soils used in this study include: a sandy loam from Vale, Oregon, which 
has not responded to sulfur fertilizers; a medium sand from Redmond, Oregon, 
which has produced from ^ to J more alfalfa as a result of sulfur treatments; 
Eldon Silt Loam from Missouri, which has given some response to sulfur treat¬ 
ments; and Putnam Silt Loam from Northern Missouri, which has shown no 


TABLE 1 

D^ermination of total sidfur, of sulfate sulfur, and of acidity in tite different soils at beginning 

of the experiment 


SOILS 

TOTAL 
AifOUNT OT 
SULTUR PER 
2,000,000 
FOUNUS SOIL 

SULFATE 

SULFUR 

pH 

LIME RE¬ 
QUIREMENT, 
TRUOO 

method 

Vale sandy loam. 

founds 

1096 

47 

7.4 

None 

Redmond medium sand. 

646 

21 

7.0 

None 

Eldon silt loam... 

440 

6 

6.0 

Medium 

Strong 

Putnam silt loam... 

1130 

10 

5.7 



indication of needing sulfur fertilizer treatments. The sulfur conditons of 
these soils are summarized in table 1. It wiU be noticed that the Vale and 
Putnam soils are both high in total sulfur but that they are extremely different 
in pH and are representative, one of the semi-arid and the other of the humid 
section. The Redmond soil and Eldon soil are both low in total sulfur, have 
a smaller range in pH, and represent soils one from the semi-arid and the other 
from a humid section, both of which have responded to sulfur treatments. 

Methods 

Weighed amounts of each of these soils were placed in gallon jars and five 
applications of each of the following were made to each soil: checi, suKur ISO 
pounds per acre, sulfur 500 pounds per acre; triplicate treatments with CaCOa 
plus ISO pounds of sulfur per acre were made to additional jars of the Eldon 
and Putnam soils. 

The treatments having been mixed thoroughly with the soil which was then 
compacted to approach field conditions, the jars were placed in the green- 
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house. One series, including a jar of each treatment and soil, was kept fallow 
and the remainder were seeded to soybeans. All jars were kept at approxi¬ 
mately optimum moisture with distilled water throughout the period of study. 
At the end of 38 days one series was harvested, the roots were carefully removed 
and soil samples taken for sulfate and pH determination. The total crop was 
dried, the yield secured, and determinations were made of the total sulfur 
content. 

The fallowed jars were sampled at the same time, a soil auger was used and 
the hole was filled later with surface soil. The location of the borings were 
recorded in order to avoid sampling in the same place at a later date. 

At the time of taking down the first series of jars it became apparent that the 
soybean crop would neither give the growth desired nor continue growing long 
enough for the purposes of the experiment, therefore, alfalfa was seeded with 
the soybeans on the remaining cropped jars. At the end of 77 days from the 
beginning of the experiment, a second set of jars was taken down, and at the 
end of 120 days a third set was harvested and sampled. The same procedure 
in sampling, crop removal, and analysis was followed as at the end of the first 
period. 

Hydrogen-ion determinations were made from 1-2 water extracts; the colori¬ 
metric method of Gillespie (3) being employed. Sulfate determinations were 
made from 1-5 water extracts, 10 per cent aluminum chloride being used as a 
flocculant. The sulfate sulfur was then determined by the turbidity method of 
Schreiner and Failyer (9). A ^‘Campbell-Hurley’’ colorimeter was used and 
uniform light conditions were insured by making the comparisons at night and 
reflecting light with a desk lamp from white blotting paper located a uniform 
distance from the reflector. Total sulfur in the crop was determined by a 
modification of the method proposed by Wolcoff (14) for soils. Total sulfur in 
soils was determined by fusion with sodium carbonate, a modification of the 
Hillebrand (5) method being employed, 

RESULTS 

A uniform stand of soybeans and alfalfa was secured and although consider¬ 
able difference was noted in the crop growth when different soils were compared, 
there was little consistent variation in any soil as a result of sulfur treatments. 
This was true even with the Redmond soil which has responded to field appli¬ 
cations of this element. Such a condition was not unexpected, since crop 
growth secured under the limited time of this experiment was not enough to 
deplete the soil of the natural stored supply of sulfate. 

Effect of Sulfur AppUcations to Soil on Sulfur Content of Crops 

The pH and the sulfur present in the crop for the various periods are recorded 
in table 2, and the sulfate suKur in soil and crop for the same periods, in table 
3. It will be noticed that for any one soil the percentage of sulfur in crops 
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increases almost directly with the sulfur applications and the consequent 
increase in sulfate, AVhen different soils are compared, however, the sulfur 
content in the crops does not increase with an increase in the soluble sulfur 
content of the soil. In some cases, however, because of the larger yield secured, 
the total weight of sulfur absorbed by each jar increases with a larger sulfate 
content in the soil. 

The results secured at the end of the first period are of most value in stud 3 dng 
this condition because of the fact that all jars had a uniform stand of soybeans 
with no alfalfa. In figure 1 the sulfate sulfur, pH and percentage of sulfur in 
the crop on soils treated with 150 pounds of sulfur per acre, are compared 

TABLE 2 


Eifect of S4on concentration of soil on the percentage of sulfur in crop 



AFTER 38 DAYS 

AFTER 77 DAYS 

AFTER 120 DAYS 

SOIL* 

pH 

Sulfur in 
crop 

pH 

Sulfur in 
crop 



Vale—X. 

m 

per cent 

0.262 

7.4 

per cent 

0.250 

■ 

percent 

0.283 

Sulfur ISO. 


0.302 

7.2 

0.336 



Sulfur 500. 

7.0 

0.324 

7.0 

0.348 



— X. . 

6.9 

0.278 

7.0 

nfllH 

7.0 

0.241 

Sulfur 150. 

6.7 

0.304 

6.8 

0.232 

6.8 

0.333 

Sulfur 500... 

6.5 

0.388 

6.5 

0.438 

6.6 

0.441 

Eldon—X. 

5.5 

0.280 

5.8 

0.298 

5.9 

0.265 

Sulfur 150. 

5.3 

0.316 

5.5 

ISktH 

5.7 

0.509 

Sulfur 500. 

4.9 

0.340 

5.3 

0.516 

5.4 

0.89S 

CaCO, 3000. 

6.8 

6.6 

0.302 

0.346 

6.8 

6.7 

0.399 

0.398 

CaCOa 3000\ 



Sulfur 150 / 



Putnam — X. 

5.6 

0.316 

5.7 

0.258 

5.7 

0.296 

Sulfur ISO. 

5.3 

0.326 

5.4 

0.408 

5.5 

0.381 

Sulfur 500. 

4.8 

0.420 

4.9 

0.580 

5.3 




* Treatments are recorded as pounds per acre. 


for the various soils. It will be seen when any treatment for the various soils 
is compared, that the percentage of sulfur in the crop has no tendency to 
increase with an increase in the soluble sulfate in the soil, but is very closely 
correlated with increased acidity. With the exception of the Putnam silt 
loam there is a decided increase in the percentage sulfur in the crop with a 
decrease in pH value. The crops from the Putnam jars have a higher sulfur 
content than any of the others, but the pH averages about the same as simi¬ 
larly treated jars of the Eldon soil. The pH is, however, decidedly lower 
than either of the two western soils as is the percentage of sulfate in the soil. 
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On the other hand the percentage of sulfur in the crop is distinctly hi gher in the 
more acid soil, in spite of its lower sulfate content, ralrinm cabonate added 
to jars of the Eldon soil raised the pH to that of part of the igftHmnnd jaxs. 
The percentage of sulfur in crops grown on jars of these two soils with cor¬ 
responding pH values was practically the same, regardless of the treatment. 

With one exception, the sulfate content in the Vale soil is higher with all 
treatments than any of the other soils receiving similar treatment and yet the 



Fig. 1. Comparison op Sulpaxe Suitor, pH and Percentage op Suupdr in the 
Crop on Soils Treated with ISO Pounds op Suipdr Per Acre 

sulfur content of the crops grown on the soil was lower than in the crops grown 
on the other soils. Although these data are not complete enough to be con¬ 
clusive, they are of interest in showing additional differences in the effect of 
sulfate on various soils. It would appear, for instance, that soybeans can 
secure sulfate more readily from the limited supply in the unlimed jars of the 
Eldon soil than from the more abundant supply of the western soils, and this 
might help to esplain why this soil, though very low in total sulfur and appar- 
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ently m sulfute sulfur, gives only a slight response to sulfur treatments when 
compared to the Redmond soil 

Robbins (11) has found anions to be absorbed more readily from a medium 
with a reaction on the add side of the isoelectric point for plant protein. The 
present work offers some confirmation of this for the sulfate ion. These results 
are also in accord with the work of Hoagland (6) who has found a greater 

TABLE 3 

Sulfate sulfur produced in cropped and in fallowed soils 


ATTEB 38 DA VS 

AFTER 77 DAYS 

AETER 120 DAYS 

Cropped! 

Fallow 

Croppedt 

Fallow 

Croppedt 

Fallow 

p.p.m. 

p.p.m. 

p.p.m. 


p.p.m. 

p.p.m. 

52.0 

20.0 

72.0 


91.3 


49.5 

28.3 

91.2 


100.7 


112.8 

67.8 

130.3 


22S.4 

270.0 

26.1 

17.1 

33.6 

41.0 

26.2 

33.0 

47.5 

53.3 

68.2 

107.0 

82.5 

239.0 

48.8 


80.2 

116.0 

202.0 

266.0 

8.8 

4.7 

11.0 

6.7 

13.1 

7.3 

27.6 

16.0 

52.8 

60.6 

46.6 

59.0 

74.1 

60.0 

86.8 

180.0 

117.9 

175.0 

13.5 

5.7 

.... j 

.... 

33.0 

13.0 

34.8 

30.3 

.... 

.... 

89.5 

64.0 

10.7 

6.0 

9.3 

8.6 

28.2 

10.0 

34.4 

17.3 

n.i 

60.7 

87.7 

71.0 

91.2 

45.7 

110.4 

117.0 

150.9 

150.0 

23.5 

9.3 

.... 

.... 

.... 

29.0 

42.1 

24.0 

.... 

.... 

.... 

135.0 


son. TREATMENT* 


Vale: 

Check. 

Sulfur ISO. 
Sulfur 500. 

Redmond: 

Check. 

Sulfur ISO. 
Sulfur 500. 


Eldon: 

Check. 

Sulfur ISO.... 
Sulfur 500.... 
CaCOaSOOO... 
Sulfur 150 \ 
CaCOaSOOOJ 

Putnam: 

Check. 

SuKur 150.... 
Sulfur 500.... 
CaCOs 5500.. 
CaC 03 5500\, 
Sulfur ISO / 


* Treatments are recorded in pounds per acre. 

f The figures in the “Cropped” column represent the sulfur in the crop calculated to p.p.m. 
of soil, plus the sxilfate sulfur in the soil at the time of harvest. 

absorption of anions in an add media, and of Joffe (7) who has found that 
lowering the pH by the addition of sulfuric add to soils results in a higher per¬ 
centage of nitrogen in the alfalfa produced. 

StJITATE PRODUCTION IN CROPPED AND PALLOWED SOILS 

The figures representing the sulfate production on the cropped soil were 
secured by deter mi n in g the total sulfur in the crop produced, calculating this 
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to parts per million, of soil and adding it to the sulfate sulfur found in the soil 
at the time of harvest. This procedure is based on the general assumption 
that crops take up all their sulfur in the sulfate form, and also on the particu¬ 
lar assumption that practically all the roots and crops were secured. Special 
care was taken in removing the roots and although a portion of the very fine 
ones were not secured, the loss in this respect is thought to be very amaii 
The sulfate sulfur produced in cropped and in un-cropped soils is reported in 
table 3. It will be noticed that there is a general increase in sulfate on all soils 



Fro. 2. SuiPATE Produced on Cropped and Uncropfed Putnau and Seduond Sons 
TaxAxm WITH 150 Pounds op Sulpdr Per Acre 

as a result of sulfur applications and that the sulfate accumulation is greater 
at the end of the longer period. The sulfate content of the untreated jars 
changed but little during the course of the experiment in the case of the two 
Missouri soils, especially in the fallowed jars. Considerable increase with time 
is apparent in the case of the Vale soil, and to a lesser extent, in the Redmond 
soil The effect of the 150 and 500-pound sulfur treatments has been to 
increase the sulfate for both cropped and fallowed soils at the varous stages 
sampled. Sulfate production in the case of the two add soils approaches a 
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marimum at the end of the second period, while an increase throughout the 
period of study is apparent in the case of the two western soils. 

Effect of Crops on Stdfate Prodtiction 

With all treatments on Putnam silt loam and on untreated jars of the Eldon 
soil, sulfate production was stimulated by cropping, whereas with all other soils 
and treatments the reverse was true. The most striking difference is between 
the Putnam and Redmond soils, the former an acid soil from the hunaid sec¬ 
tion which does not require sulfur fertilization and the latter a neutral soil 
from the semi-arid section on which field applications of sulfur have given 
marked increases in 3deld. 

Uniform differences in the sulfate produced are found with the ISO-poimd 
sulfur treatment (Fig. 2). The difference in favor of the cropped jars is uni¬ 
form for all three periods in the case of the Putnam soil, whereas with the 
Redmond soil the curve representing the fallowed jars is higher than that of the 
cropped soil, the difference becoming constantly greater toward the end of the 
last period. 

In all the soils but the Redmond the crop tended to increase the amount of 
sulfate produced during the early stages of growth; namely, until the end of 
the first period. After this time the fallowed soils were more efficient in sul- 
tofication, except as has been noted with the Putnam soil and with the 
untreated jars of the Eldon silt loam. 

It is interesting to compare these results with those secured by other investi¬ 
gators with the effect of crop growth on nitrate production. Lyon, Bizzell 
and Wilson (9) found that maize did not depress nitrate accumulation during 
the early growth, but did so later. Wheat, unlike maize, showed a depressing 
influence at the end of the first period and continued to exert this depres¬ 
sion throughout the entire period of growth. These authors explain this 
phenomenon as being due to the liberation by the plant roots of non-nitrogen- 
ous organic matter which is thought to favor the development of nitrate-con¬ 
suming organisms in the soil with the consequent transformation of nitrate 
into other nitrogenous substances. Lyon and his colleagues worked with a 
heavy silty clay loam soil and believe that with a more highly aerated soil the 
depression of nitrate accumulation might not occur, since the organic adds 
liberated would be more completely oxidized. Texture has not had this 
effect in the present study. The depressing effect of the crop on sulfate for¬ 
mation has been most pronounced on a loose sandy loam soil, whereas on 
the heaviest and least aerated of the soils studied the crop stimulated suKate 
production. 

Greaves (4) quotes McBeth and Smith to the effect that plots continuously 
cropped to alfalfa, potatoes, oats, and com, all show a higher nitrifying power 
than do corresponding fallow plots, with the greatest stimulation occurring 
from alfalfa. It would appear that probably the stimulating or depressing 
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effect of the crop on nitrification may vary with different soils, as has been 
shown for sulfofication in the present study. 

THE RECUPERATIVE POWER OF SOILS FOR SULFATE 
After depletion hy crop 

Some work was done to test the power of the soils studied to build up in total 
sulfate after the supply has been depleted. After removing the roots and 
sampling the soils from the cropped jars at the end of the second period, the 
soil was returned to the jars and was kept up in moisture content for 12 weeks. 


TABLE 4 

Recuperative power soils for sulfate (after depletion hy cropping) 


sou. AND TREATllCNT* 

SULTATE STILPTO 
AX TIME or 
HARVEST 

SULTATE SULTUR LOSS OR OAIN 

7 wed^s after 
harvest 

12 -wed&s after 
harvest 


p.p.m. 

j p.p,m. 

p.p,in. 

Vale: 




Check. 

64.0 

+28.0 

+26.0 

Sulfur ISO. 

79.0 

4-28.0 

+29.0 

Sulfur 500. 

119.0 

4-11.0 

+119.0 

Redmond: 




Check. 

25.0 

-6.0 

-3.0 

Sulfur ISO. 

60.0 

-28.0 

-13.0 

Sulfur 500. 

61.0 

4“S .2 

+77.0 

Eldon: 




Check. 

3.7 

-0.7 

+5.3 

Sulfur ISO. 

45 0 

-8.0 

-9.0 

Sulfur 500. 

72.0 

+2.0 

+48.0 

Putnam: 




Check. 

2 3 

+1.7 

+13.7 

Sulfur 150. 

68.0 

-28.0 

-23.0 

Sulfur 500. 

96.0 

+20.0 

+48.0 


* Treatments are recorded in pounds per acre. 


At the end of 7 weeks and again after 12 weeks from the date of harvest, 
samples were taken and the water-soluble sulfate was determined. The 
results are recorded in table 4. It will be noted that although the data secured 
are not uniform and probably do not represent enough trials to warrant definite 
assumptions, some rather interesting conditions are indicated. 

The general difference, between the soils that have shown a need for sulfur 
and those which do not profit from its use is very well defined, particularly in 
case of the untreated soils. The Vale soil has built up quickly in sulfate after 
the crop was removed and this was true to a lesser extent with Put nam silt 
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loam. In the Redmond and the Eldon silt loam, however, the supply of sul¬ 
fate is increased very slowly after a depletion by cropping. This difference in 
the recuperative power for sulfate accumulation may explain in part the varia¬ 
tion in response to sulfur fertilizers, especially where permanent crops such as 
alfalfa are produced. 


Percolation tests 

In order to lest this point further, percolation tubes containing ISOO and 
1600 gm. of the Putnam and Redmond soils, respectively, were set up and 
leached with distilled water until the percolate failed to give a qualitative test 
for sulfate. Aliquots of the percolate were taken, and the sulfate was deter¬ 
mined and calculated as parts per million of sulfate sulfur on the basis of the 
water-free weight of the soil. The tubes were kept in the laboratory and 
maintained at optimum moisture with distilled water for a period of 14 weeks 
after which they were again leached and the percolate analyzed in the same 

TABLE 5 


RecuperaUve power of soils for sulfate {percolation trials) 


son. 

SULPATE SOirUR IN PERCOLATE 

At Start 

After 14 weeks 

Redmond medium sand. 

ppm. 

45 31 

#>.«. 

IS.87 

Duplicate. 

43 06 

15.62 

Aveiage... 

44 18 

15.74 

Putnam silt loam... 

32 68 

26.70 

Duplicate. 

34 02 

29. IS 

Average. 

33 35 

27 92 


way. The results of duplicate percolation tubes from each of the two soils 
are recorded in table S. 

It will be noted that the Redmond soil, which had the highest sulfate content 
at the time of the first leaching, built up its suKate supply only 15.7 p.p.m. at 
the end of 14 weeks, whereas the Putnam soil, which had a lower total sulfate 
content in the first percolate, increased to approximately 28 p.p.m. These 
figures are in accord with the results secured by comparing the increase after 
cropping. The difference in favor of the Putnam soil was really greater than 
is apparent in this table, as it was impossible, because of the way the soil had 
run together by the end of the second period, to leach out all the suKate. 

DISCUSSION 

Of the soils studied, Redmond medium sand not only needs a higher percent¬ 
age of sulfate for proper crop growth, but its ability to produce sulfate has 
been reduced by cropping, and the power of this soil to build up in sulfate, 
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after a depletion by cropping, appears to be insufficient to supply the needs of 
the crop. The Vale soil also required a high sulfate content for the use of 
crops, but the sulfofying capacity was so great and the total sulfur content so 
high that an abundant supply of sulfate was maintained. The Eldon soil 
apparently did not require a large amount of sulfate for crop production. 
Its need for sulfur treatments seemed to be due largely to the low percentage of 
total sulfur and to the fact that it did not build up in sulfate quickly after a 
depletion by cropping. The Putnam soil not only made an efficient use of its 
sulfate but the rate of sulfofication was increased so markedly by cropping 
that the small amount of sulfate required was maintained throughout the 
growth period. This soil also quickly built up a supply of sulfate after the crop 
was removed. 

The points which have just been discussed are not brought out in a study of 
the uncropped soil. It would appear that these differences in the sulfur rela¬ 
tions of soils and crops are of importance in explaining the fact that a need for 
sulfur fertilization has not been apparent on many middle western soils with as 
low a total sulfur and sulfate content as some semi-arid soils on which yields 
have been greatly increased by field applications of sulfur fertilizer. 

CONCLUSIONS 

Under the conditions of these tests, the crop grown on the western soil that 
has given returns for sulfur, has retarded the formation of sulfate. Crop 
growth on the humid soils has increased the production of sulfate and thus 
probably has helped to supply the crop with this material. 

Under conditions of higher H-ion concentration as was the case with the 
humid soils it seems probable that crops may be able to extract sulfur more 
readily from the soil and therefore not require so great a continuous supply as 
when grown on semi-arid soils. Furthermore, humid soils may recuperate 
more readily in their sulfate content, and hence have a sufficient supply of sul¬ 
fate for the crop at practically all times. On the other hand, it would be more 
difficult for some of the semi-arid soils, such as the one from Redmond used in 
this work, to regain enough suffate for satisfactory growth, after it once had 
been depleted. This condition most likely would be found in field practice 
where perennial sod crops have occupied the land for considerable lime, and 
may offer some explanation for the marked^retums that have been obtained 
from the use of sulfur on certain alfalfa lands in the semi-arid regions of the 
West. 
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Sulfur is a vital part of the protein molecule, hence it is required by all 
plants and animals. All bacteria require it as a structural element and some 
use it as a source of energy. The quantity present in the soil of our Greenville 
experimental farm is low, 0.0068 per cent total sulfur (7) in the first foot. 
This being the case, the question naturally arises: What eSect will the addition 
of sulfur to such a soil have upon its microflora? The data presented in this 
paper are an attempt to answer this question. 

The Greenville soil is an ideal mecfilum in which to make such a study, as 
it has an abundance of all the essential dements except sulfur and nitrogen, 
and it has a most interesting microflora (6, 7). 

Boullanger (3) studied the action of sulfur on sterilized and unsterilized soil 
and found the increase in crop yield, due to the sulfur, was much greater on un¬ 
sterilized soil. This action he considered to be due to the oxidation of sulfur 
by bacteria. This is confirmed by Demolon (5) with garden soil. The sul- 
fofying power of soils varies with the composition, texture, moisture, and bio¬ 
logical conditions (4). Lipman and co-workers (12) studied the oxidation of 
sulfur and its relations to insoluble plant-food. Sulfur is oxidized by certain 
bacteria to sulfuric acid as follows (10): 2S + 302 + 2 H 2 O = 2 H 2 SO 4 . The 
acid reacts with insoluble phosphates rendering them soluble: Ca 8 (P 04)2 + 
H 2 SO 4 + 2 H 2 O - Ca«H 2 (P 04)2 + CaS 04 - 2 H 20 . 

Ca2H2(P04)s 4* H2SO4 ^ CaH4l.P04)j 4- CaSOi 

Many tests have been made to determine the effect of added sulfur on crop 
production. Reimer and Tartar (16) increased the yield of alfalfa and clover 
from 35 to 1000 per cent by the addition of sulfur to certain Oregon soils. The 
addition of sulfur to the soil increased the nitrogen content of plants and also 
the nodule production (13,17). Rudolfs (17) using soybeans found that small 
amounts of sulfur increased the growth of the root systems. He also found 
that sulfur increased bacterial numbers during the first 6 weeks, when the sulfur 
application did not exceed 1500 pounds per acre. Greater quantities caused a 
decrease in numbers. This was confirmed by O'Gara (14). 

1 The author is greatly indebted to Dr. J. E. Greaves for his keen interest in this work and 
for lus advice and suggestions, and to Dudley Greaves for m a ki ng the graphs. 
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Small amounts of sulfur increase ammonification (1, IS), whereas nitrification 
is retarded (1, 15). Sulfur oxidation is greater in soils low in organic matter 
and in mineral nutrients (17). One experiment shows that suKur oxidation 
was greatest in soil which had no fertilizer for 33 years. 

The addition of sulfur to black alkali soil in the presence of sulfur-oxidizing 
bacteria transforms the black alkali into white alkali (8, 14, 18, 21), thus 
indicating the possibility of its use in reclamation of alkali land. 

The most important sulfur bacteria found in soils to which sulfur has been 
added are ThiohacUltcs thioparus, Thiobacillus dentrificans and Thiohacillus 
tkiooxidans (19). The first two organisms develop under neutral or slightly 
alkaline conditions whereas the latter develops in extremely acid media 
reactions. Starkey (19) states that Thiobacillus tkiooxidans not only tolerates 
but produces higher concentrations of acid than any other living organism. 

In this work a laboratory study was made of the influence of varying amoimts 
of sulfur on the soil microflora as measured by numbers, ammonification, nitri¬ 
fication, azofication, and the rate at which the sulfur is oxidized to sulfates. 

Three soils were used, two of which were taken from the GreenviUe experi¬ 
mental farm located 2 miles north of the Utah Agricultural College. Soil A 
was taken from a plot which was very low in organic matter (this plot had 
received no manure for 12 years). Soil B was taken from a nearby plot 
which was very high in organic matter (40 tons of manure per acre had been 
applied yearly for 12 years). These soils are very high in calcium and mag¬ 
nesium carbonates (9) and exceptionally rich in potassium and phosphorus, but 
they are low in nitrogen. They are composed primarily of coarse and medium 
silt and fine sand. Soil C was taken from a farm in River Heights, 2 miles 
southwest of the college. This soil has a medium organic content and consists 
principally of coarse silt and medium sand. It is high in calcium and magne¬ 
sium carbonates with ample amounts of phosphorus and potassium present, 
but low in nitrogen. 

The three soils used were air-dried in the dark and were ground to pass a 40- 
mesh sieve, after which 100-gram portions were weighed into clean covered 
tumblers, to each of which were added quantities of sulfur varying from 100 to 
1000 pounds per acre. One acre-foot of soil was assumed to weigh 3,600,000 
pounds. The ammonifiers and nitrifiers, received in addition to the sulfur, 
2 per cent dried blood containing 0.0272 per cent nitrogen (6). The nitrogen 
fixers received the same sulfur appKcation and 2 per cent mannite. Each 
sample was thoroughly mixed and the water content made up to 60 per cent 
of the water-holding capacity. It was kept close to this amount by weekly 
weighings and the loss was made up with distilled water. 

Four sets of each soil were prepared in the foregoing manner and incubated 
at 28®. After 4 days one set of each soil was analyzed for ammonia by the 
standard magnesium-oxide method (2). The bacterial counts were made at 
monthly intervals by the plate method using nutrient agar with a + 0.1 
per cent reaction. 
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To determine sulfur oxidation IS samples of each soil were prepared: to 
9 of each soil was added 21.6 mgm. of sulfur; the remaining 6 received no sulfur 
and served as controls. The samples were thoroughly mixed and the moisture 
content made up to 60 per cent of the water-holding capacity, which was kept 
close to this percentage by weekly additions of distilled water. The three 
soils were incubated at 28® and the soluble sulfate was determined in three 



Fig. 1. Percentage of Ammonia Produced in Sons Treated with Varyeng Amounts of 

SniFUR 

The untreated soil was considered as 100 per cent 

sulfur-treated samples and two untreated samples of each soil at intervals of 
10 days. The sulfates were determined by agitating the soil with distilled 
water in a shaker for S hours, filtering clear, and precipitating as barium 
sulfate. 

The results obtained for ammonification are given in figure 1. It is very 
evident that sulfur greatly stimulates ammonification in all three soils. Soil 
A showed greatest stimulation at the lower concentrations of sulfur. Sulfur 
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increased arnmonification 100 per cent when small concentrations were used 
and 50 per cent with large concentrations. 

The stimulation was not so great in soil B as in soils A and C. This is prob¬ 
ably due to the large amounts of available plant-food already present in the 
soil^which has been carried there by the heavy applications of manure. 
Arnmonification was increased most in soil C; although sulfur appeared to be 





0 /OO 200 2)00 '/OO^SOO 600 700 600 OOO /OOP 

JL6s ^ Sulfur Per Acre 


Fig, 2. Percentage or Niirates Produced in Soils Treated wixn Varying Amounts of 

SULTUR 

The untreated soil was considered as 100 per cent 

slightly toxic in the second concentration, recovery was very marked in higher 
concentrations. When 400 pounds per acre of sulfur was applied to the soil, 
arnmonification was increased 110 per cent. The probable cause of the great 
stimulation may be due to two factors: 

(<;} There may be a very s m a l l amount of available food present in the soil; consequently, 
the food made available by the oxidation of the suKur would be quickly utilized, thus increas¬ 
ing the number of bacteria as well as their physiological efficiency. ® The soil is in ideal 
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condition for the rapid oxidation of the sulfur, as it is loose and porous, thus admitting large 
amounts of oxygen and carbon dioxide which are necessary for the optimum activity of the 
sulfur organisms. 

The nitrif 5 dng organisms responded to sulfur applications very differently 
from the ammonifying organisms. The sulfur was very toxic in soil A, the 
highest concentrations of sulfur appearing to be slightly more toxic than the 
lower concentrations. Nitrification was greatly stimulated in soil B by sulfur 
in all the concentrations with the exception of the seventh and eighth. At 
these two the sulfur became toxic. Although the sulfur was very toxic at ail 
the lower concentrations, in soil C, a great stimulation occurred in the higher 
concentrations. In explanation of the broken line in soil C (fig. 2) it may be 


Azor/GATm. 



too zoo 300 ^OO OOO 600 700 800 
18s. of Suifur Per Aero 

Fig. 3. Muxigrams op Nitsogen Fdoed in Soils Treated with Varying Amounts op 

Sulfur 

stated that an erratic result was obtained in the ninth concentration which 
threw the percentage of nitrates formed to 300 per cent above the untreated 
soil. It is very evident that the organic matter is playing a great part in the 
stimulation of nitrate production. The only difference in soils A and B is 
that soil B contains large amounts of organic matter, whereas soil A contains 
none. 

The sulfur was without effect on azofication during the short time the soil 
was imder observation, as may be seen from figure 3. 

The number of colonies developing on nutrient agar from sulfur-treated and 
non-sulfur-treated soil is shown in figure 4. 

There is a general decrease in the number of bacteria over the period the 
counts were made in the treated and in the untreated soils. Soils A and C 
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show a very slight increase in bacterial numbers when 5.4 mgm. of sulfur was 
present for each 100 gm. of soil, in comparison with the untreated soil. An 
increase in bacterial numbers was noted in soil B at the higher concentrations of 
sulfur. 

If the bacterial numbers had been determined at weekly intervals during the 
time of incubation, it is very probable that a considerable increase due to the 
sulfur would have been noted. 



Fig. 4. Mnxioiis or Bacteeia in Sons Treated with Varvino Amounts or Sultur 

The speed with which the sulfur is oxidized to sulfates is governed largely 
by the aeration of the soil. The physical composition of soH C con¬ 

ditions ideal for the free circulation of air. This is the chief cause of the very 
rapid oxidation of sulfur in this soil. In comparing the sulfur-oxidizing power 
of soils A and B, which vary only in organic content, a considerable difference 
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is noted in the amount of sulfur oxidized. Soil A, which was very low in 
orpnic mpter, oxidized 36 per cent of the added sulfur in 30 days, whereas 
soil B, which contained large amounts of organic matter, oxidized 45 per cent 
of the added sulfur in the same period of 
The addition of sulfur to soil increased the ammonif 3 dng power of the soil 
from SO to over 100 per cent depending upon the soil and upon the amount of 
sulfur applied. 


Oxttlafton of Sulfur 



Fig. 5. Pxscbntage op Sgltox Oxidized in Sons Tkeated wtih Suipux 
The untreated soil was consideied as 100 per c«it 

Nitrification was increased over 100 per cent in some instances, the extent 
depending upon the soil and upon the quantity of sulfur added. 

Sulfur was without effect on the azofication of the soil during the diort period 
it was under observation. 

The bacterial counts decreased as the incubation period inaeased. Relar 
tive to the untreated soil, the bacterial numbers increased as the amount of 
sulfur increased, in the soil high in organic matter; whereas the bacterial 
number of soils low in organic matter decreased as the sulfur increased. 

From 36 to 89 per cent of the sulfur was oxidized to sulfates in 30 days, 
depending on the soil and its porority. 
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That non-legumes, when grown in association with inoculated legumes 
imder favorable conditions, profit by the association is a w^ell established fact. 
It is also generally conceded that this beneficial influence upon the non-legume 
is due to some nitrogenous substance placed at its disposal by the inoculated 
legume. Just w^hat the exact nature of this nitrogenous substance is, however, 
is not known. The wwk reported in this paper was planned to throw some 
light upon this question. 


EXPERIMENTAL 

Two soils and nitrogen-free sand were used in these experiments. One 
of the soils was glacial in origin, occurring in the Wisconsin drift soil area, 
and the other was a residual soil, arising from coastal plain deposits, and 
occurring in the coastal plain soil area. One, classified by the Bureau of Soils 
as Carrington loam, was used for series I, and the other, classified as Lufkin 
fine sandy loam, was used for series 11 and III. These soils vary widely in 
their general characteristics and crop-producing power. The former is dark 
brown to black in color, well supplied with humus and nitrogen, and is consid¬ 
ered to be a very productive soil; the latter is gra 3 dsh to gra 3 dsh-brown in color, 
low in humus and nitrogen, and is considered to be a very unproductive soil 
Analysis showed 0.3408 per cent nitrogen in the Carrington loam. Analysis 
of the Lufkin fine sandy loam showed 0.0788 per cent nitrogen, 0.037 per cent 
total phosphoric acid, 1.16 per cent potash, 0.32 per cent acid-soluble lime, 
0.28 per cent acid-soluble magnesia, 0.08 per cent sulfur trioxide, and by the 
Truog method, a lime requirement of 1 ton. 

Soybeans and wheat, grown alone and in association, were the plants used. 
Each series except the nitrogen-free sand series consisted of 14 pots. For 
series I, II, and III, 2-, 3-, and 1-gallon pots, respectively, were used. The 
2-gaIlon pots were used during the early part of the experiment but 3-gallon 

1 Part of the thesis submitted to the Faculty of the Iowa State College in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy. 

* The writer wishes to express his appreciation to Dr. P. E. Brown for suggestions concern¬ 
ing the woifc and the manuscript and to Dr. L. W. Erdman for suggestions concerning the 
preparation of the manuscript. 
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pots were used later for the unsterilized, and 1-gallon for the sterilized soil. 
The soil was sterilized by autoclaving at IS pounds for 1 hour. All inoculated 
soils received cultures containing the proper bacteria to bring about inocu¬ 
lation. 

Large samples of the two soils were secured from the field, sieved, thoroughly 
mixed, and placed directly in the pots and weighed. The 3-gallon pots were 
filled with IS kilos, the 2-gaUon with 10 kilos and the 1-gallon with 5 kilos 
of air-dried soil. Soybeans and wheat were seeded in the pots of series I, II, 
and III, as shown in table 1. 

The 2- and 3-gallon pots were allowed two and three times the number of 
plants, respectively, as in table 1. 


TABLE 1 

System of numbering pots and rates of seeding wheat and soybeans in series III 


POTNtniBESL 

T&EATUEMT 

First harvest 

1 

Wheat, 6 plants, grown alone 

2 

Soybeans, 4 plants, grown alone 

3 

Wheat, 3 plants, grown with soybeans 

4 

Soybeans, 2 plants, grown with wheat 

CK 

Check, uncropped 

SecoTtd harvest 

5 

Wheat, 6 plants, grown alone 

6 

Soybeans, 4 plants, grown alone 

7 

Wheat, 3 plants, grown with soybeans 

8 

Soybeans, 2 plants, grown with wheat 

CK 

Check, uncropped 

Orig, 

Original soil 


Pure cultures of the soybean organism were added to each pot and the 
moisture content was brought up to the optimum by adding water to weight. 
The moisture content was kept up during the continuance of the experiment 
by weighing the pots twice each week and adding distilled water to weight. 
The 1-gallon pots were numbered and planted as shown in table 1. 

In each test the crops were harvested from duplicate pots at two stages of 
growth. The first harvest was made from pots 1 to 6 inclusive when the 
first blooms appeared on the soybeans. The second harvest was made from 
pots 7 to 12 inclusive when the first pods were about half mature. The soil 
in the check pots was sampled at both harvests. The plants were cut near 
the surface of the soil, and the roots carefully removed from the soil. The 
tops, roots, and nodules were dried and weighed. They were then finely 
ground and the soil, tops, roots, and nodules analysed for ammonia, nitrites, 
nitrates, amino acids, and total nitrogen. Duplicate determinations were 
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made on each sample, except in cases where there was an insufficient amount 
of the sample, and the results were required to agree very accurately. Repeats 
as well as blank determinations on reagents were run in all necessary cases. 
The results given in the tables are the averages of duplicate determinations on 
dupKcate pots. 

A coarse white sand was used in the nitrogen-free sand series. Eight 1- 
gallon pots were fiUed with S kilos of sand after mixing in 10 gm. of pxire 
calcium carbonate. The plants in each pot received the following fertilizer 
treatment each week: 

10 cc. each of: 25 gm. CaH 4 (P 04)2 per 2,500 cc. water 
20 gm. MgSOi per 2,500 cc. water 

50 gm, KaS 04 per 2,500 cc. water 

1 cc. of: 0.1 gm. FeCl# per 250 cc. water 

These amounts were diluted with water and added to the plants. 

Each pot was planted to 6 soybeans, the beans in the last 6 pots being 
inoculated with a pure culture solution before planting. 

The roots, and the sand immediately around the roots, in pots 1 and 2, 
which were not inoculated, were analyzed for ammonia, nitrites, nitrates, 
and amino acid nitrogen. The same was done for pots 3 and 4 just at the time 
when the plants recovered from the period of ^'nitrogen hunger.’’ The plants 
in the other 4 pots were harvested at the same stages as those of the soil and 
handled in a similar manner. 


METHODS 

Total nitrogen. For all total nitrogen determinations the copper sulfate method was used. 
A 10-gm, sample of soil, a 0.5- to 1-gm. sample of tops and roots, and a 0.1-0.5-gm. sample ot 
nodules were used. The samples were carefully weighed in duplicates, where the amount 
of material was sufficient, and transferred to an 800-cc. Kjeldahl flaslr. About 10 gm. of a 
mixture of potassium sulfate and copper sulfate—100 gm. of potassium sulfate to 10 gm. of 
copper sulfate—^was added and then from 25 to 30 cc. of concentrated sulfuric acid. The 
remainder of the process was the same as with any total nitrogen determination by the dis¬ 
tillation method. For titrating, 0.051^ sulfuric acid and 0.025iV‘ sodium hydroxide were used. 
Sodium alizarine sulfonate indicator was used throughout. 

Ammonia. The colorimetric method for determining ammonia, as outlined in Bureau of 
Soils Bulletin 31, was used for determining the ammonia in both soil and plants. 

Nitrites, The colorimetric method for determining nitrites, as outlined in Bureau of 
Soils Bulletin 31, was used for determining the nitrites in both soil and plants. 

Nitrates. Davis’ modification of the phenoldisulfonic acid method for determining nitrates 
in soils^ was used for both plants and soils. 

Amino acids. For the determination of amino acid nitrogen the Van Slyke method* was 
used. 

Soil solutions. The soil was first air-dried, finely ground, and thorou^y mixed. One 
hundred-gram portions were carefully weighed into 800-cc. bottles. About 10 gm. of carbon 
black, special brand G. Elf., and 200 cc. of distilled water were added. The contents were 


* Outlined in Jour. Indus, and Engin. Chem., v. 9, p. 290-295. 

* Outlined in Jour, Biol. Chem., v. 9, p. 185-191, 
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shaken for 30 minutes and filtered through double folded filter paper, the first SO-cc. portions 
of the filtrate being discarded or poured back into the bottle for refiltering. This usually 
gave a clear solution. 

Plant extract solution. The tops, roots, and nodules, were first dried in an electric oven 
and finely ground in a small grinding machine or mill. Samples were weighed, ^n.rying in 
size from a fraction of a gram to 10 gm., depending upon the amount of substance available, 
and transferred to 800-cc. shaker bottles, 500 cc. of distilled water and about 10 gm. of 
carbon black, special brand G. Elf., being added. The contents were shaken \igorously 
for about three minutes and allowed to stand for about twenty minutes with occasional 
shaking. The filtering was done as in the case of the aforementioned soil. The solution was 
then ready for use. 

Series I 

In this series soybeans and wheat were grown alone, and in association, on 
Carrington loam. The weights of tops, roots, nodules, and plants secured 
at the first and second harvests are given for each pot in table 2. 


TABLE 2 

Dry weight of plants grown m Carrington loam 


POT 

KUUBCB. 

TREATMENT 

TOPS 



PLANTS 

gm. 

1 tm. 

gm. 

m. 

First harvest 

1 

Wheat. 

12.84 1 

12.59 

».. f 

25.88 

2 ! 

Soybeans. 

22.36- 

12.48 

2.25 

37.09 

3 i 

Wheat with soybeans. 

6.72 

5.61 

.... 

9.33 

4 1 

Soybeans with wheat. 

10.65 

5.42 

* 

16.08 


Second harvest 


5 

Wheat. 

33.00 

27.00 


60.00 

6 

Soybeans. 

78.50 

14.25 

4.75 

97.50 

7 

Wheat with soybeans. 

10.00 

6.50 

... - 

16.50 

8 

Soybeans with wheat. 

49.50. 

4.50 

2.90 

56.90 


* Weight of nodules lost. 


The yields given in table 2 show that the combined weight of tops and 
plants of soybeans and wheat grown in association was greater than wheat, 
but less than soybeans, grown alone. This was to be expected, since it is 
generally conceded that non-legumes derive considerable benefit from inocu¬ 
lated legumes when grown in association under favorable conditions. In the 
case of the roots the combined weight of soybeans and wheat grown in asso¬ 
ciation was less than of soybeans and wheat grown alone. 

The data given in table 3 show the amount of ammonia in the soil, tops, 
roots, and nodules at the first and second harvests. 

An examination of this table shows that ammonia was present more or 
less abundantly in the soil, tops, roots, and nodules at both harvests. The 
soil cropped to the soybean-wheat mixture contained more ammonia than that 
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cropped to soybeans but less than that cropped to wheat alone at the first 
harvest. The soil of the soybean-wheat mixture contained an average of 0.0252 
p.p.m. as compared with 0.0263 for the soybeans and 0.0801 for wheat alone 
at the second harvest. 

The wheat tops grown in association with soybeans contained an average 
of 71.16 and 20.04 p.p.m. of ammonia as against 43.75 and 10.35 p.p.m. for 
wheat tops grown alone at the first and second harvests, respectively. The 
amounts of ammonia for the corresponding soybeans were 27.77 and 11.84 
p.p.m. for the soybeans grown in association with wheat as against 32.88 and 
14.86 p.p.m. for soybeans grown alone at the first and second harvests, respec¬ 
tively. 


TABLE 3 

Ammonia in soily topSy roots, and nodules obtained in series I 


POT 

NUMBER 

TREATiaNT 

SOIL 

TOPS 

ROOTS 

NODULES 

P.PM, 

p.p.m. 

p.p.m. 

p.p.m. 

First harvest 

1 

Wheat. 

0.0413 

43.75 ' 



2 

Soybeans. 

0.0323 

32.88 


138.85 

3 

Wheat with soybeans. 

0.0357 

71.16 



4 

Soybeans vdth wheat.1 

0.0357 

27.77 


92.07 

CK 

Check. 

0.0728 











Second harvest 


5 

Wheat. 

0.0801 


4.74 


6 

Soybeans. 

0.0263 

14.86 

6.49 

47.96 

7 

Wheat with soybeans. 

0.0252 

20.04 

10.55 


8 

Soybeans with wheat. 

0.0252 

11.84 

17.22 

56.21 

CK 

Check..... 

0.0331 




Orig. 

Original soil. 

0.1492 










The difference between the ammonia content of the roots of the wheat plants 
grown in association with soybeans and those grown alone, was as pronounced 
as that of the tops. The roots of the wheat plants grown in association with 
soybeans contained 40.47 and 10.55 p.p.m. of ammorda as compared with 
15.70 and 4.74 p.p.m. for wheat grown alone at the first and second harvests, 
respectively. The amounts of ammonia for the roots of the corresponding 
soybeans were 10.67 and 17.22 p.p.m. for soybeans grown in association with 
wheat as compared with 10.18 and 6.49 p.p.m. for soybeans grown at the first 
and second harvests, respectively. The tops and roots of wheat plants grown 
in association with soybeans contained more ammonia at both harvests than 
those of corresponding wheat plants grown alone. 

The nodules showed the presence of an abundance of ammonia in all cases. 
The noliules of the first harvest had a higher ammonia content than those of 
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the second. The ammonia content of the nodules from the soybean plants 
grown alone was considerably higher than that of soybean plants grown in 
association with wheat for the first harvest, but for the second those from the 
soybean plants grown in association with wheat averaged a little higher than 
those from the soybean plants grown alone. 

In table 4 are contained the amoimts of nitrites in the soil, tops, roots, and 
nodules for each pot at both harvests. There were no striking differences 
in the nitrite content of the soil of the different pots at the first harvest. The 
soil in which the soybeans and wheat were grown in association contained 
0.0104 p.p.m. as against 0.0125 and 0.0080 p.p.m. for soybeans and wheat 
grown alone, respectively, for the second harvest. 


TABLE 4 

Nitrites in soU, topSj rootSy and nodules obtained in series I 


POT 

inncBEK 

TXSJiTUSm 

son. 

TOPS 

ROOTS 

NODULES 

P.PM. 

p.p.m. 

PPM, 

PPM. 

First harvest 

1 

Wheat. 


5.878S 

0.0660 


2 

Soybeans. 


0.2920 

0.1527 

20.49 

3 

Wheat with soybeans.. 


1.1040 

0.3220 


4 

Soybeans with wheat. 

0.0011 

0.1980 

0.0794 

20.49 

ci: 

Check. 

0.0014 

. 1 










Second harvest 


Wheat. 

0.0080 

0.0046 

0.3185 


Soybeans. 

0.0125 

0.0075 

0.4524 

9.04 

Wheat with soybeans. 

0.0104 

0.0092 

0.3518 


Soybeans with wheat. 

0.0104 

0.0056 

5.8905 

3.85 

Check... 

0.0146 




Original soil. 

0.0016 










The wheat tops grown in association with soybeans contained an average of 
1.104 and 0.0092 p.p.m. as compared with 5.87 and 0.0046 p.p.m. of nitrites 
for wheat tops grown alone at the first and second harvests, re^ectively. The 
correg)onding soybean plants contained 0.198 and 0.0056 p.p.m. of nitrites 
in tops when grown in association with wheat, and 0.292 and 0.0075 p.p.m. 
of nitrites for soybeans grown alone at the first and second harvests, respec¬ 
tively. The average nitrite content of wheat roots grown in association with 
soybeans was 0.322 and 0.3518 p.p.m. as compared with 0.066 and 0.3185 p.p.m. 
for the roots of wheat grown alone for the first and second harvests, respec¬ 
tively. The nitrite content of the roots of the corresponding soybeans was 
0.0794 and 5.89 p.p.m. for soybeans in association with wheat, and 0.1527 
and 0.4524 p.p,m. for soybeans grown alone at the first and second harvests, 
respectively. 
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The soybean nodules contained nitrites in all cases, the amount being much 
lower at the second harvest than at the first, and considerably less for the 
nodules grown in association with wheat than those grown alone at the second 
harvest. The difference in the nitrite content of the nodules of the soybean 
plants grown in association with wheat, and alone, was only very slight for 
the first harvest. 

Table 5 contains the amounts of nitrates in the soil, tops, roots, and nodules 
for each pot at both harvests. An examination of this table reveals the fact 
that the nitrate content of the soil in the soybean-wheat pots was slightly 
greater than that of the wheat and less than that of the soybean pots at the 
time of both harvests. The difference was more pronounced at the second 
than at the first harvest. 

TABLE 5 

Nitrates in soils, tops, roots, and nodides ohfa'ned in series I 



ROOTS 
p.p m. 


NODULES 

P.p.m, 


First harvest 


1 

Wheat. 

■ 

.0027 

54.85 

10.02 

2 

Soybeans. 

K 

.0039 

4.79 

22.23 

3 

Wheat with soybeans. 

m 

.0035 

62.95 

35.89 

4 

Soybeans with wheat. 

1 

.0035 

6.38 

19.01 

CK 

Check. 

■ 

.0453 





Second harvest 

Wheat. 

Soybeans. 

Wheat with soybeans 
Soybeans with wheat. 

Check. 

Original soil. 

The average nitrate content of the wheat tops grown in association with 
soybeans was 62.95 and 7.14 p,p.m. as compared with S4.8S and 2.58 p.p.m. 
for wheat grown alone at the first and second harvests, respectively. The 
average nitrate content of the tops for the corresponding soybean pots was 
6.38 and 2.14 p.p.m. where soybeans were grown with wheat, and 4.79 and 
2.78 p.p.m. where soybeans were grown alone at the first and second harvests, 
respectively. 

The nitrate content of the roots of wheat grown with soybeans was greater 
at both harvests than that of wheat roots grown alone. The reverse was true 
for the soybeans. The roots of the soybeans grown in association with wheat 
contained 19.01 and 2.64 p.p.m. of nitrates as compared with 22.23 and3.38 
p.p.m. at the fiuBt and second harvests, respectively. The nodules were free 
from nitrates in all cases. 



5 

6 

7 

8 

CK 

Orig. 
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The data presented in table 6 show the amounts of amino acids in the soil, 
tops, roots, and nodules obtained in series I. An examination of this table 
reveals the absence of amino acids in the soil in all samples. The wheat tops 
contained a higher amino acid content than the soybean, except in case of the 
wheat tops of the soybean-wheat mixture at the second harvest when the 
soybean tops had a slightly larger amount of amino acid than the wheat. 
This difference was very slight, however. The amino acid content of the 
wheat tops in the soybean-wheat mixture was slightly greater than that of the 
wheat alone for the first harvest and less for the second. The soybean tops 
of the soybean-wheat mixture had a higher amino acid content than those 
grown alone. 

TABLE 6 

Amino acid nitrogen In soil, tops, roots, and nodules obtained in series I 

TOPS ROOTS 

ec.N CC.N 

First harvest 


NODUXES 

CC.N 


POT 

Tai:.\TMl!.NT 

SOIL 



CC.N 


1 “Wlicat. None 

2 Soybeans. None 

3 WTieat with soybeans. None 

4 Soybeans with wheat. None 

CK Check. None 


14.61 2.76 . 

8.00 3.90 121.36 

15.11 2.11 . 

8.09 1.69 85.00 


Second harvest 


5 

■\\beat. 

None 

7.os 

0.09 


6 

Soybeans. 

None 

2.66 

0.00 

17.95 

7 

WTieat with soybeans. 

None 

4.75 

0.50 


8 

CK 

Soybeans with wheat. 

Check. 

None 

4.66 

1.97 

13.10 

Grig. 

Original soil. 



.... 



There was nothing significant about the amino acid content of the roots 
other than that it was much lower for the roots than for the tops, and that the 
roots of the second harvest contained considerably less amino acid than those 
of the first. 

Amino acid w^as present in the nodules in all cases. The amount was greater 
with the first har\Tst than with the second and also greater for the soybeans 
alone than for the soybeans in the soybean-wheat mixture. 

In table 7 are contained the amounts of total nitrogen in the soil, tops, roots, 
and nodules for each pot at both harvests. An examination of this table 
reveals a loss of nitrogen in all cropped soil over the original and checks. The 
loss was greater at each harvest with the soil planted to wheat alone than with 
soybeans alone or with the soybean-wheat mixture. The loss for the latter 
was less than that for the soybean alone at the first harvest and practically 
the same at the second. 
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The soybean tops had a higher percentage of total nitrogen than the wheat 
tops.^^ The percentage of nitrogen was greater at the second harvest than at the 
first. \ The wheat tops of the soybean-wheat mixture were slightly lower in 
nitrogen at both harvests than the wheat alone. The wheat tops of the second 
harvest had a lower nitrogen content than those of the first. 

The wheat roots grown in association with soybeans contained a higher 
percentage of nitrogen than those of wheat grown alone at both harvests. 
The nitrogen content of soybeans roots was slightly higher at the first than at 
the second harvest. 

The nodules were exceptionally high in total nitrogen and those of the second 
harvest contained more nitrogen than those of the first. The association of 


TABLE 7 

Total nitrogen in soilj tops, roots, and nodtdes obtained in series I 


POT 

KUUBEK 


SOIL 

TOPS 

ROOTS 

NODULES 

TREATMENT 






percent 

percent 

per cent 

per cent 



First harvest 


1 

Wlieat. 

0.3094 

2.14 

2.08 


2 

Soybeans. 

0.3190 

3.44 

2.74 

7.85 

3 

Wheat with soybeans. 

0.3254 

2.02 

2.15 

.... 

4 

Soybeans with wheat. 

0.3254 

3 33 

2.41 

7.79 

CK 

Check. 

0.3324 

.... 

.... 

.... 


Second harvest 


s 

Wheat. 

0.2881 

1.93 

1:53 


6 

Soybeans . 

0.3085 

3.63 

2.14 

9.81 

7 

Wheat with soybeans. 

0.3087 

1.88 

2.55 

.... 

8 

Soybeans with wheat. 

0.3087 

3.68 

2.21 

9.58 

CK 

Check. 

0.3367 

.... 

.... 

.... 

Orig. 

Original soil. 

0.3408 

.... 

.... 

.... 


soybeans with wheat did not seem to influence the nitrogen content of the 
nodules. 

Series II 

In this series soybeans and wheat were grown alone and in association on 
imsterilized Lufkin fine sandy loam. The weights of the tops, roots, nodules, 
and plants obtained from the first and second harvests, are given for each pot 
in table 8. 

An examination of this table shows that the combined weight of the tops 
of wheat and of soybeans grown in association was greater t h an that of wheat 
but less than that of soybeans grown alone at both harvests. The combined 
weight of the roots of wheat and of soybeans grown in association was greater 
tha.T) that of soybeans but less than that of wheat grown alone at both harvests. 


SOIL SCISNCS, VOL. XXI, KO. 4 
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The average weight of nodules for each of the plants grown in association with 
v;heat was slightly higher than for those grown alone, for the first harvest, 
but slightly lower for the second. The average combined weight of the plants 
of the soybean-wheat mixture was greater than that of wheat or soybeans 
grown alone at both harvests. 

In table 9 are contained the amounts of ammonia, in parts per million, 
found in the soil, tops, roots, and nodules for each pot at both harvests. At 
the time of the first harvest the average ammonia content of the soil was 0.1036 
p.p.m. for wheat grown alone, 0.0539 for soybeans grown alone, and 0.047 
for wheat and soybeans grown in association. At the time of the second 
harvest the ammonia content of the soil was reversed, being a trare, 0.0093, 
and 0.0168 p.p.m. for wheat grown alone, for soybeans alone, and for wheat 
and soybeans in association, respectively. 


TABLE 8 

Dry TZ'cight of plants grovm in ansterilized Lufkin fine sandy loam 


POT 

KlfUEER 

THrATUT-NT 

TOPS 

ROOTt 

NODULES 

PLANTS 

gm. 

1 

ZfK. 

g*n. 

gr4. 

Firsi karzcst 

1 

Wheat. 

8.52 

J0.40 


18.92 

2 

Soybeans. 

15.80 

3.76 

0.79 

20.36 

3 

\\Tieat with soybeans. 

5.85 

8.10 


13.95 

4 

Soybeans with wheat. 

8.75 

1.56 

0.76 

11.07 

Second harvest 

5 

Wheat. 

|HQ|| 

24.35 


38.50 

6 

Soybeans. 


7.10 

2.09 

36.49 

7 

WTieat with soybean? . 


16.15 


24.55 

8 

Soybeans with wheat. 


1.^5 

0.98 

15.88 


With the exception of the wheal tops of pot 1, in which case a poor grade of 
carbon black was used in decolorizing the plant extract, the wheat plants, both 
tops and roots, growm in association with soybeans contained more ammonia 
than the lops and roots of corresponding wheat plants grown alone at both 
harvests. The wheat tops grown in association with soybeans contained an 
average of 5.51 and 3.13 p.p.m. as compared with 24.94 and 1.58 p.p.m. for 
wheat tops grown alone at the first and second harvests, re^ectively. The 
corresponding wheat roots contained 16.70 and 1.92 p.p.m. for wheat grown 
in association with soybeans, and 9.60 and 0.04 p.p.m. for wheat grown alone 
at the first and second harvests, respectively. 

The average ammonia content of soybean tops grown alone was greater 
with each harvest than that of soybeans grown with wheat. The soybean tops 
grown alone contained 10.56 and 3.39 p.p.m. as compared with 8.75 and 2.78 
p.p.m. for soybean tops grown with wheat, reqoectively. The reverse was true 
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TABLE 9 


Ammonia in soil, tops, roots, and nodules obtained in unsleritised Lufkin fine sandy ham i 


POT 

KUUBE& 

TSEATllENT 

SOIL 

TOPS 

ROOTS 

pp.m. 

p.p.m. 

pp.m. 

First harvest 

1* 

TVTieat. 

0.1036 

24.94 

9.60 

2 

Soybeans. 

0.0539 

10.56 

14.02 

3 

Wheat with soybeans. 

0.0470 

5.51 

16.70 

4 

Soybeans with wheat. 

0.0470 

8.75 

28.85 

CK 

Check. 

0.0360 


.... 


p.pM. 


48.18 

33.65 


Second karoest 


5 

Wheat. 

Trace 

1.58 

0.04 


6 

Soybeans. 

0.0093 

3.39 

1.43 

9.91 

7 

Wheat with soybeans. 

0.0168 

3.13 

1.92 


8 

Soybeans with wheat. 

0.0168 

2.78 

5.63 

*14.14 

CK 

Check. 

0.0039 




Orig. 

Original soil. 

0.0062 










* The water extract of the soil and wheat tops of pot 1 were decolorized with a poor grade 
of carbon black which failed to remove all the coloring matter and to produce a clear solu¬ 
tion. The readings are, therefore, too high. 


TABLE 10 


Nitrites in soil, tops, roots, mid nodules obtained in the unstcrilized Lufkin fine sandy loam 

series 


POT 

NUUBCR 

IRCATUENT 

SOIL 

TOPS 

ROOTS 

NODDLES 


p.pM. 

p.p.m. 

p.p.m. 

p.p,m. 


First harvest 


1 

Wheat. 

— 


None 


2 

Soybeans. 

^9 

None 

None 

None 

3 

Wheat with soybeans. 

None 

None 

1 None 


4 

Soybeans with wheat. 

None 

None 

None 

None 

CK 

Check. 

0.0391 










Second harvest 

5 

Wheat. 

Trace 

None 

None 


6 

Soybeans. 

0.0191 

1.12 

0.31 

None 

7 

Wheat with soybeans. 

0.0362 

None 

0.20 


8 

Soybeans with wheat. 

0.0362 

0.23 

6.78 

None 

CK 

rhw't. 

Trace 




Orig. 

Or?£nTifll soil... 











^Reading lost. 
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with the roots. Soybean roots grown alone contained 14.02 and 1.43 p.p.m. 
of ammonia as compared with 28.85 and 5.63 p.p.m. for the corresponding 
plants grown with wheat. The nodules contained an abundance of ammonia 
in all cases, but those of the first harvest contained a much greater amount 
of ammonia than those of the second. 

In table 10 are given the results of the nitrite determinations made on the 
soil, tops, roots and nodules at the first and second harvest, of the unsterilized 
Lufkin fine sandy loam series. An examination of this table reveals the ab¬ 
sence of nitrites in the soil, tops, roots, and nodules at the first harvest in all 
samples, except the soil of the check pots. 

TABLE 11 


Nitrates in soil, tops, roots, and nodules obtained in the unsierilized Lufkin fine sandy loam 

series 


POT 

XT.'^ER 

TREATMENT 

son. 

TOPS 

ROOTS 

NODULES 

p.p.m. 


PPM. 

p.PM. 

First harvest 

1 

Wheat. 

wmm 

11.66 

None 


2 

Soybeans. 

iff!™ 

Trace 

1.89 

None 

3 

Wheat with soybeans. 

None 

4.26 

5.14 


4 

Soybeans with wheat.i 

None 

3.79 

None 

None 

CK 

r!Vii»rV .. 

1.8875 










Second harvest 

5 

Wheat.... 

None 

None 



6 

Soybeans . 

None 

None 


None 

7 

Wheat with soybeans.... 

None 

None 

None 


8 

Soybeans with wheat. 

None 

None 

None 

None 

CK 

Check. 

0.4836 




Orig. 

Original soil. 

0.1366 

■mm 

mmiH 








The nitrite content of the soil at the second harvest was 0.0362 p.p.m. 
for the soybean-wheat mixture and 0.0191 and a trace for the soybeans and 
wheat alone, respectively, as compared with a trace for the checks. 

The tops of wheat grown alone and in association with soybeans were free 
from nitrites. This was also true with the roots, except for those of pot 7 in 
which wheat was grown with soybeans. The roots in this case contained 0.2 
p.p.m. of nitrites. The soybean tops and roots contained nitrites when grown 
alone and in association. The nodules were free from nitrites in all samples. 

The results of the nitrate determinations on the soil, tops, roots, and nodules 
at the first and second harvests, found in table 11, show the absence of nitrates 
from all nodules at both harvests and from all soil, except that of the check 
pots, and from all crops, tops, and roots at the second harvest. A further 






































IJEGUME NITROGEN ASSIMILATED BY NON-LEGUMES 


265 


examination of this table reveals the absence of any regularity in the presence 
or absence of nitrates in soil, tops, and roots of plants. 

In table 12 are contained the results of the amino acid nitrogen determina¬ 
tions made on the soil, tops, roots and nodules for each pot in the unsterilized 
Lufkin fine sandy loam series. This table shows the absence of amino acids 
in all soils and in all wheat tops, and the presence of it in all soybean tops of 
both harvests. It was present only occasionally in the soybean and wheat 
roots and soybean nodules. 

Table 13, which contains the amounts of total nitrogen in the soil, tops, roots, 
and nodules for each pot at both harvests, reveals a loss of nitrogen in all 


TABLE 12 

Amino acid nitrogen in soil, tops, roots, and nodtdes obtained in the unsterilised Lufkin fine 

sandy loam series 



sore. 

TOPS 

ROOTS 

KODOLBS 

TKSATUENT 






ee.N 

ee.N 

CC.N 

CC.N 


First harvest 


Wheat. 

None 

None 

None 

None 

None 

None 

0.47 

None 

0.47 

0.08 

None 

None 

None 


Soybeans. 

Wheat with soybeans. 

Soybeans with wheat. 

Check. 

None 

2.67 






Second harvest 


5 

Wheat. 

None 

None 

None 

6 

Soybeans. 

None 

0.53 

None 

7 

Wheat with soybeans. 

None 

None 

0.17 

8 

Soybeans with wheat. 

None 

0.70 

None 

CK 

Check.. 

None 



Orig. 

Original soil. 

None 








cropped soils over the original and checks. At each harvest the loss was greater 
in the soil planted to wheat alone than in that planted to soybeans alone or to 
the soybean-wheat mixture. The loss of nitrogen was greater with the soy¬ 
bean-wheat mixture than with the soybeans alone for the first harvest but 
slightly less for the second. 

With the exception of the wheat tops in pot 1 the soybean tops had a higher 
percentage of nitrogen than the corresponding wheat tops. The tops and the 
roots of the wheat grown with soybeans contained a higher percentage of nitro¬ 
gen than those grown alone, and those of the soybeans grown alone showed a 
higher percentage than those of soybeans grown with wheat. 

The nodules of this series were higher in nitrogen than those of series HI, 
but much lower than those of series I, in which Carrington loam soil was used. 
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The average total nitrogen in the nodules was slightly higher for the soybeans 
grown alone than for those grown with wheat, and higher at the first harvest 
than at the second. 

TABLE 13 

Total nitrogen in soilj topSj rootsj and nodules obtained in the unsterilized Lufkin fine sandy 

loam soil series 


POT 

K17UHB& 

TREAXaiENT 

SOIL 

Hi 

ROOTS 

NODDLES 

per cent 

per cent 

per cent 

percent 

First harvest 

1 

Wheat. 

0.0663 

3.18 

1.30 


2 

Soybeans. 

0.0739 

2.50 

1.60 

4.04 

3 

Wheat with soybeans. 

0.0694 

2.09 

1.13 

.... 

4 

Soybeans mth wheat. 

0.0694 

2.32 

1.37 

3.99 

CK 

Check. 

0.0641 

.... 


.... 


Second harvest 


5 

Wheat. 

0.0632 

1.30 

0.85 


6 

Soybeans. 

0.0684 

2.25 

1.66 

3.83 

, 7 

Wheat with soybeans. 

0.0694 

1.84 

0.96 

.... 

8 

Soybeans with wheat. 

0.0694 

1.98 

1.62 

3.71 

CK 

Check. 

0.0744 

.... 

.... 

.... 

Orig. 

Original soil. 

0.0788 

.... i 

.... 

.... 


TABLE 14 

Dry weight of plants grown in sterilized Lufkin fine sandy loam 



TOPS 

ROOTS 

NODDLES 

PLANTS 

T31EAT1CSNT 






gm. 

gm. 

gm. 

gm. 


First harvest 


1 

Wheat. 

5.26 

11.35 


16.60 

2 

Soybeans. 

6.60 

2.39 

0.23 

9.22 

3 

Wheat with soybeans. 

2.33 

2.87 

.... 

5.21 

4 

Soybeans with wheat. 

5.45 

1.05 

0.26 

6.77 


Second harvest 


s 

Wheat. 

6.95 

25.60 



6 

Soybeans. 

8.85 

2.18 

0.28 


7 

Wheat with soybeans. 

3.71 

5.19 

.... 

8.90 

8 

Soybeans with wheat. 

8.10 

1.60 

0.41 

10.11 


Series III 

In this series soybeans and wheat were grown alone and in association on 
sterilized Lufkin fine sandy loam. The wdghts of tops, roots, nodules, and 
plants secured are given for each pot in table 14. An examination of the 
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yields in this table shows that the combined weight of the tops of wheat and 
soybeans grown in association was greater than that of wheat and of soybeans 
grown alone. The combined weight of the roots and plants of wheat and 
soybeans grown in association was greater than that of soybeans but less than 
that of wheat grown alone. The average weight of the nodules from soybeans 
grown with wheat was greater than that of nodules from soybeans grown alone 
at both harvests. 

Table 15 gives the amounts of ammonia in the soil, tops, roots, and nodules 
for each pot at both harvests. Here, as with the data for the soil and tops of 
pot 1 in table 9, series II, the readings of ammonia for soil, tops, and roots of 


TABLE IS 

Ammonia in soil, tops, roots, and nodules obtained in the sterilized Lufkin fine sandy 

loam series 



TOPS 

ROOTS 

NODULES 

p.p.m. 

p.pM. 

p.pM. 


First harvest 


1* 

Wheat... 

2 

Soybeans. 

3 

Wheat with soybeans. 

4 ' 

Soybeans with wheat. 

CK 

Check. 



Second harvest 


5 

Wheat.1 

None 

2.50 

0.2S 

6 

Soybeans.* 

0.0429 

4.41 

3.96 

7 

8 

Wheat with soybeans... 

Soybeans with wheat. 

0.0224 

0.0224 

7.85 

4.30 

5.03 

5.73 

CK 

Check. 

0.0104 



Grig. 

Original soil. 

0.0835 





* The water extract of the soil aud plants of pot 1 were decolorized with a poor grade of 
carbon black winch failed to produce a clear solution. The readings of ammonia are, there¬ 
fore, too high. , 


pot 1 were too high, because of the use of the same poor grade of carbon black 
for decolorizdng the soil and plant extracts. With this exception the tops 
and roots of the wheat plants grown in association with soybeans contained 
larger amoimts of ammonia than those of the wheat plants grown alone. The 
wheat tops grown in association with soybeans contained an average of 6.10 
and 7.85 p.p.m. of ammonia, whereas the tops of the wheat grown alone in 
corresponding pots contained 20.54 and 2.S0 p.p.m. for the first and second 
harvests, respectively. With one exception the wheat tops contained a larger 
amount of ammonia than the corresponding soybean tops. The wheat roots 
corresponding to the aforementioned tops contained an average of 7,11 and 
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5.03 p.p.in. of ammonia for those grown with soybeans, and 12.20 and 0.28 
p.p.m. for those grown alone. With one exception, the soybean roots con¬ 
tained a larger amount of ammonia than the corresponding wheat roots. The 
nodules showed an abundance of ammonia in all cases. 

With the exception of the soil of pot 1, the ammonia content of the wheat 
soil was lower than that of the soybean-wheat mixture and of the soybeans 
alone at both harvests. The soybean soil had more ammonia than the soil 
of the soybean-wheat mixture. 

Table 16 gives the results of the nitrite determinations made on the soil, 
tops, roots, and nodules at the first and second harvests of the sterilized Lufkin 
fine sandy loam series. An examination of this table reveals the absence of 
nitrites from all cropped soils, except one wheat and one soybean soil. The 


TABLE 16 

Nitrites in soily topsy rootSy and nodules obtained in the sterilised Lufkin fine sandy loam series 


POT 

NXJUBEK 

TKEATUEMT 

SOIL 

TOPS 

poors 

KODULBS 

P.pM, 

p.p.m. 

p,pM, 

p.pM, 

First haroest 

1 

WTlftflf-, .. 

0.0186 




2 

Soybeans. 

None 

Bnin 

KB 

None 

3 

Wheat with soybeans. 

None 


None 


4 

Soybeans with wheat. 

None 

II 

None 

None 

CK 

r^Tiprt. 

Trace 











Second haroest 


5 

Wheat. 

None 

None 

None 

6 

Soybeans. 

0.0023 

mSm 

1.63 

7 

Wheat W’ith soybeans. 

None 

KB 


8 

Soybeans with wheat. 

None 

0.11 

1.57 

CK 

Check. 

0.0008 



Orig. 

Original soil. 

0.1746 








amount of nitrites present in these soils was very small. Nitrites were absent 
from all samples of plants at the first harvest. 

The tops and roots of wheat grown alone at the second harvest were free 
from nitrites, whereas those of the soybean-wheat mixture showed fairly large 
amounts. The soybean tops of this harvest contained small amounts of 
nitrites, whereas nitrites were present in fairly large quantities in the roots 
and nodules of the soybean plants. The average nitrite content of the roots 
and nodules of soybeans grown alone was greater than that of soybeans grown 
with wheat. 

The results for the nitrate determinations on the soil, tops, roots, and 
nodules for each pot in series III are found in table 17. An examination of the 
results in this table shows that nitrates were present in only one cropped sofl, 
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in the checks, and in the original. A further examination of this table reveals 
the fact that nitrates were also absent from all soybean and wheat tops, as 
well as from the wheat roots and from the soybean nodules of both harvests. 
Nitrates were present only in the soybean roots from pots 4,6, and 8. 

In table 18 are presented the results of the amino acid determinations made 
on the soil, tops, roots, and nodules for each pot in the sterilized Lufkin jSne 
sandy loam series. An examination of this table shows that amino adds 
were absent from all soil, from all wheat tops, and from all soybean nodules of 
both harvests, whereas they were present in all soybean tops of both harvests 
and in the roots of pots 2, 3, and 4. 

Table 19 contains the amounts of total nitrogen in soil, tops, roots, and 
nodules for each pot in series III. An examination of this table reveals a 


TABLE 17 

Nitrates in soil, tops^ roots^ and nodules obtained in the sterilized Lufkin fine sandy loam series 


POT 

MU1CBE& 

TSEATMENT 

SOIL 

TOPS 

KOOTS 

NODULES 


P.pM. 

p.pM, 

p.p.m. 

First harvest 

1 

Wheat. 


None 

None 


2 

Soybeans. 

None 

None 

None 

None 

3 

Wheat with soybeans.. 

None 

None 

None 


4 

Soybeans with wheat. 

None 

None 

4.38 

None 

CK 

Check. 

0.3733 











Second harvest 


Wheat. 

None 

None 

None 


Soybeans. 

None 

None 

4.21 

None 

WI***^t soybeans. ,.... 

None 

None 

None 


Soybeans with wheat. 

None 

None 

1.76 

None 

Check. 

0.2295 




Original soil. 

0.0364 










loss of nitrogen from all soils over the original. The loss was less at each har¬ 
vest in the soils planted to wheat than in those planted to wheat and soybeans 
in association, or to soybeans alone. The loss was much greater at the second 
harvest than at the first. The difference between the loss of nitrogen from 
the soils planted to wheat and soybeans in assodation and to soybeans and 
wheat alone was very slight. The tops and roots of wheat grown in assodation 
with soybeans had a higher percentage of nitrogen than the tops and roots of 
corresponding wheat plants grown alone. 

The nitrogen content of the nodules was higher than that of the tops and 
roots of the soybean plants, but much lower on the average than that for the 
nodules of the unsterilized soil in series II. The nodules of the second harvest 
were lower in nitrogen than those of the first. 
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TABLE 18 


Amino acid nitrogen in soil, tops, roots, and nodules obtained in the sterilized Lufkin fine sandy 

loam series 


POT 

NUHBCR 

TREATJIENT 

son. 

TOPS 

ROOTS 

NODULES 



cc.N 

CC.N 

First harvest 

1 

-1- 

Wlieat. 

None 

1 None 

None 1 


2 

Soybeans. 

None 


mm 

None 

3 

WTieat \vit3i soybean !^, . 

None 

None 



4 

Soybeans with wheat. 

None 

0.1300 

mm 

None 

CK 

Phprt. 

None 


— 








Second harvest 

5 

Wheat. 

None 

None 

— 


6 

Soybeans. 

None 

0.7600 

IH 

None 

7 

Wheat with soybeans. 

None 

None 

None 


8 

Soybeans with wheat. 

None 

0.1600 

None 

None 

CK 

Check. 

None 




Orig. 

Original soil. 

None 



■■IIH 





HHHHI 


TABLE 19 

Total nitrogen in soil, tops, roots, and nodules obtained in the sterilized Lufkin fine sandy 

loam series 



SOIL 

TOPS 

ROOTS 

N0DULS3 

TRSATUCNT 






per cerU 

percent 

percent 

percein 


First harvest 


1 

'\Mieat. 

0.0717 

2.11 

0.65 


2 

Soybeans. 

0.0614 

2.96 

1.69 

3.94 

3 

Wheat with soybeans. 

0.0630 

2.17 

1.38 

.... 

4 

Soybeans with wheat. 

0.0630 

2.53 

2.57 

3.65 

CK 

Check. 

0.0750 

.... 

.... 

.... 


Second harvest 


5 

WTieat. 

0.0695 

1.27 

0.65 


6 

Soybeans. 

0.0471 

2.60 

1.53 

2.36 

7 

! Wheat with soybeans. 

0.0459 

1.61 

msm 

.... 

8 

Soybeans with wheat. 


2.30 


3.15 

CK 

Check. 

Isil 

.... 

mgm 

.... 

Orig. 

Original soil. 

IB 

.... 

mm 

.... 
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Series IV 

In this series soybeans were grown in nitrogen-free sand. Pots 1 and 2 were 
iminoculated while pots 3 to 8 inclusive were inoculated. The plants in pots 
1 and 2 were harvested as soon as growth ceased, because of the exhaustion 
of the reserve food in the cotyledons. The plants of pots 3 and 4 were cut 
at the time when they were just recovering from the period of ‘^nitrogen 
hunger.” The roots and sand immediately around the roots were analyzed 
for the various forms of water-soluble nitrogen recorded in tables 20 to 25. 
The system of numbering the pots in the tables of this series w^as as follows: 
pot 1 includes uninoculated pots 1 and 2; pot 2, inoculated pots 3 and 4; pot 3, 
inoculated pots 5 and 6; and pot 4, inoculated pots 7 and 8. The results given 
in the tables are the averages of duplicate determinations on duplicate pots. 
The plants in pots 5 and 6 were harvested when the first blooms appeared and 
those of pots 7 and 8 when the first pods were about half mature. The sand, 
tops, roots, and nodules were analyzed for the same forms of nitrogen reported 
in the soil series. 

The weights of tops, roots, nodules, and plants secured for each pot in series 
IV (table 20) show that the inoculated plants made a satisfactory growth in 
the nitrogen-free sand. The average yidds of tops, roots, nodules, and plants 
increased with the age of the plant. 

Table 21, which contains the amounts of ammonia in the sand, tops, roots, 
and nodules for each pot in series IV, shows that ammonia was present in all 
samples of sand and crops. The most striking feature of this table was that 
the sand and roots of the uninoculated pot 1 had a much higher ammonia 
content than those of the inoculated pots. This may be accounted for, how¬ 
ever, by the fact that it was difficult to tell just when active growth ceased 
and when decomposition of the small rootlets set in with the uninoculated 
plants. The excessive amounts of ammonia may have been due to the am- 
monification of the small rootlets and may have represented the ammonia 
contained in the seed planted. The ammonia content of the sand was greatest 
with pot 1 and s m allest with pot 4. The ammonia content of the sand of the 
inoculated pots decreased with the age of the plants. 

Ammonia determinations were not made on the tops of plants in pots 1 and 2. 
The tops of the plants of the remaining pots showed the presence of ammonia 
in all cases, the average ammonia content being practically the same at both 
harvests. 

There was a striking similarity between the ammonia content of the sand 
and of the roots of all pots. The roots of the uninoculated soybean plants 
contained an average of 60.49 p.p.m. of ammonia as compared with 12.98, 
4.00, and 4.27 p.p.m. for those of the soybeans harvested at the ‘‘nitrogen 
hunger,” “fiirst bloom,” and “first pods half mature” stages, respectively. 

The nodules of pots 3 and 4 showed the presence of ammonia, the amount 
being slightly higher for pot 3 than for pot 4. 
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TABLE 20 

Dry ’height of plants grown in the nitroge^v-free sand series 


POT 

KmCBEK 

TitCATMENT 

TOPS 

ROOTS 

NODULES 

PLANTS 

1 

2 

Soybeans, nninoculated. 

Soybeans, inoculated. 

gtn. 

gm. 

0.34 

0.89 

gm. 

gm. 

3 

Soybeans, inoculated. 

10.77 

3.55 

1.35 

15.68 

4 

Soybeans, inoculated. 

13.30 

3.62 

1.69 

18.62 


TABLE 21 

Ammonia in sand, tops, roots, and nodules obtained in the nitrogen-free sand series 


POT 

NUUBER 

treatuent 

SAND 

TOPS 

ROOTS 

NODX7LES 

1 

Soybeans, uninoculated. 

ppjm. 

0.1425 

p.p.m. 

P.PM, 

60.49 

p.pM. 

2 

Soybeans, inoculated. 

0.0928 

.... 

12.98 

.... 

3 

Soybeans, inoculated. 

0.0560 

3.86 

4.00 

5.46 

4 

Soybeans, inoculated. 

0.0510 

3.88 

4.27 

5.16 


TABLE 22 

Nitrites in sand, tops, roots, and nodules obtained in the nitrogen-free sand series 


POT 

NUUBER 

TREATlfENT 

SAND 

TOPS 

ROOTS 

NODULES 

1 

Soybeans, uninoculated. 

p.pm. 

Trace 

p.p.m. 

p.p.m. 

None 

p^M. 

2 

Soybeans, inoculated. 

None 

.... 

Trace 

.... 

3 

Soybeans, inoculated. 

0.0129 

0.66 

0.52 

0.85 

4 

Soybeans, inoculated. 

0.0067 

0.35 

0.50 

0.83 


TABLE 23 

NUraies in sand, fops, roots, and nodules obtained in the nitrogen-free sand series 


POX 

KUUBBR 

TREATICENT 

SAND 

TOPS 

ROOTS 

NODULES 

1 

2 

Soybeans, uninoculated. 

Soybeans, inoculated. 


IH 

p.p.m. 

None 

28.30 

p.pm. 

3 

Soybeans, inoculated. 

None 


None 

None 

4 

Soybeans, inoculated. 

None 

Bn 

None 

None 


TABLE 24 

Amino acid nitrogen in sand, tops, roots, and nodules obtained in the nitrogen-free sand series 


POT 

NUUBER 

TRBAIUENT 

SAND 

TOPS 

ROOTS 

NODDIES 

1 

2 

Soybeans, uninoculated. 

Soybeans, inoculated. 

U.N 

None 

None 

ce.N 

cc.N 

None 

None 

0.43 

CC.N 

3 

Soybeans, inoculated. 

None 

1.37 

None 

4 

Soybeans, inoculated. 

None 

1.37 

0.35 

None 
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Table 22 reveals only a trace of nitrites in the sand and “none** in the roots 
of the uninocnlated pot. The sand of pot 2 was free from nitrites, whereas 
the roots contained only a trace. The sand, lops, roots, and nodules of pot 3 
showed a greater nitrite content than did those of pot 4. 

Table 23 shows that nitrates were absent from the sand, tops, roots, and 
nodules in all samples, except from the sand in pots 1 and 2 and from the roots 
in pot 2. 

Table 24 shows that amino acids were absent from the sand and nodules 
of all pots, and also from the roots of pots 1 and 2. The soybean tops and 
roots of pots 3 and 4 revealed small quantities of amino acid nitrogen. 

Table 25 shows the total nitrogen determinations for the sand, lops, roots, 
and nodules of pots 3 and 4. An examination of this table reveals a decided 
gain or fixation of nitrogen in the sand. It also shows the fact that the tops, 
roots, and nodules of the soybean plants contained a high percentage of 
nitrogen in aU cases. 

TABLE 25 

Totd nitrogen in sand, tops, roots, a^nd nodtdes obtained in the nitrogen-free sand series 


TP TP. 

SAND 

TOPS 

ROOTS 

NODULES 

Soybeans, uninoculated. 

Soybeans, inoculated. 

percent 

percent 

percent 

percent 

Soybeans, inoculated. 

0.0163 


2.64 

4.34 

Soybeans, inoculated. 

0.0150 

mm 

2.91 

4.51 


DISCUSSION OF EESULTS 

It may easily be seen from the data presented in this paper that some 
of the problems discussed have no direct bearing on the main object of the 
experiment, but they are very closely related and may supplement available 
data. 

A careful study of the portion of the data bearing directly upon the object 
of this paper discloses some veiy interesting occurrences which, even though 
they may be applicable only to the conditions under which the experimental 
work was conducted and not to field conditions in general, if not in themselves 
a solution of the problem, may prove helpful in arriving at a satisfactory one. 

The data presented in the foregoing pages may be summarized briefly here 
in order to direct attention to their more salient points. 

The weights and total nitrogen of the tops, roots, nodules, and plants were 
of no particular significance insofar as this problem was concerned. 

Ammonia was present in greater or less amounts in all samples of soil, tops, 
roots, and nodules of each pot in the four series. The wheat soils of both 
harvests of the Carrington loam and those of the first harvest of the two Lufkin 
fine sandy loam series had a higher ammonia content than those planted to 
w’heat and soybeans grown in association or to soybeans alone. With one or 
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two exceptions there was but little difference in the ammonia content of soils 
planted to the soybean-wheat mixture and to soybeans alone in series I, 11^ 
and in. 

With the exception of the wheat tops of the first harvest of series 11 and the 
wheat tops and roots of the same harvest of series III, in which cases a poor 
grade of carbon black was used to decolorize the plant extracts, the tops 
and roots of wheal grown in association with soybeans contained a higher 
ammonia content than those of corresponding wheat plants grown alone. The 
regularity of this difference may be a peculiar coincidence and may have no 
bearing on the immediate solution of the problem, but it is very striking 
indeed when considered in the light of a more complete discussion of the 
ammonia data presented here. In all instances the roots of soybeans grown 
vdth. wheat contained a higher ammonia content than those of corresponding 
soybeans grown alone. Should the wheat plants obtain nitrogen from the 
soybeans in the form of ammonia their association with the latter evidently 
served to stimulate the production of ammonia by the soybean plant through 
the assistance of the nodule bacteria. With the exception of the first harvest 
of the sterilized Lufkin fine sandy loam series, the tops of the soybeans grown 
alone contained more ammonia than those of corresponding soybean plants 
grown with wheat. In this case the ammonia content of the soybean tops 
grown alone was practically the same as that of the soybean tops grown with 
wheat. 

These data indicate that the wheat plants grown in association with soybeans 
had the ability to stimulate ammonia production, assimilation, or accumulation 
in the roots of the soybean plants. It is possible that the dose relationship 
existing between the root systems of the two plants was such as to stimulate 
ammonia production by the legume bacteria. Assuming this to be the case 
the remaining portion of this peculiar phenomenon could be explained by the 
dectrical theory of plant feeding, that is, if plants are capable of feeding by the 
dectrical absorption of plus or minus ions from the soil solution, as governed 
by the state of equilibrium of these charges within the plant juices, it seems 
equally possible that if the wheat plant was capable of setting up a stronger 
attraction for the ammonia radide than the soybean the wheat plant would be 
able to obtain it even though it were already in the roots of the soybean plants. 
This, of course, would mean that the ammonia, which was produced in the 
soybean roots, would be removed to the wheat plant instead of being allowed 
to pass further into the soybean plant. 

The nodules contained an abundance of ammonia in all cases, the amount 
in each series being much greater at the first harvest than at the second- 
Ammonia was also present in the sand, tops, roots, and nodules of the soybeans 
from each pot in the nitrogen-free sand series. The sand and soybean roots 
from the uninoculated pot of this series contained more ammonia than those 
from the inoculated pots. The ammonia content of the sand and soybean 
roots of pot 2, harvested at the time when the plants were just recovering 
from the period of “nitrogen hunger,” was much greater than that of pots 
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3 and 4 which were harvested at later periods. There were but slight differ¬ 
ences between the ammonia content of the sand, tops, roots, and nodules of 
those pots harvested at the last two stages of growth. 

The data obtained on nitrite nitrogen were not nearly as interesting as those 
of ammonia. Nitrites were present in all soils, tops, roots, and nodules of 
each pot in the Carrington loam series. The amoxmt present was much larger 
in the soils and roots of the second harvest than those of the corresponding 
soils and roots of the first, and much smaller for the tops and nodules of the 
second than for those of the first. In contrast with this, nitrites were absent 
from all cropped soils of the sterilized Lufkin fine sandy loam at the first 
harvest, except that planted to wheat alone, and all of the unsterilized Lufkin 
fine sandy loam at the first harvest. The differences found here may possibly 
have been due to the difference in the fertility of the two tjrpes of soil. 

The wheat soils of the second harvest had a trace and “none” of nitrites 
in series 11 and III, respectively. The soils of series 11, in which soybeans 
and wheat were grown both in association and alone, contained small amounts 
of nitrites whereas series HI contained nitrites only in the soils vrhere soybeans 
were grown alone. All tops and roots of soybeans and the wheat roots of the 
soybean-wheat pots, of the second harvest of series II, showed nitrites to be 
present, whereas the other wheat roots showed them to be absent. Nitrites 
were present m the tops and roots of soybeans grown alone, and with wheat, 
and in those of wheat grown Tvdth soybeans at the second harvest of series HI. 
They also occurred in the nodules of the second harvest of this series. 

The sand of uninoculated pot 1 of the nitrogen-free sand series showed a 
trace of nitrites whereas that of the inoculated pot 2 did not. Nitrites were 
absent from uninoculated roots but were present in traces only in the roots 
of the inoculated pots 3 and 4 of thk series. Notwithstanding the fact that 
nitrites occurred in all samples of inoculated soybean roots, tops and nodules 
of the nitrogen-free sand series, they did not always occur in similar parts of 
inoculated soybeans grown in the sterilized and in the unsterilized Lufkin 
fine sandy loam. 

Nitrates were present in all soils and samples of tops and roots of wheat and 
soybeans in series I. They were absent from all nodules in this as well as the 
other three series. Nitrates were present in small amoimts only in the soil 
in which wheat and soybeans were grown alone at the first harvest in series 11, 
and m wheat soils of series LEI of the same harvest. Nitrates were present 
in the tops of wheat and soybeans grown alone and in association, and in the 
roots of soybeans grown alone, and those of wheat grown with soybeans 
at the first harvest of series n. All tops and roots of the second harvest of 
series n were free from nitrates. 

In the sterilized Lufkin fine sandy loam series, nitrates were absent from 
all soybean and wheat tops. They were present only in the roots of soybeans 
of the soybean-wheat mixture of the first harvest, and in those of the soybeans 
grown alone and with wheat of the second. 

Nitrates were present in the sand of pots 1 and 2 and the soybean roots of 
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pot 2 of lie nitrogen-free sand series. In all other pots of this series nitrates 
were absent from the sand, tops, roots, and nodides. 

It seems that the complete absence of nitrates from all samples of nodules 
and their irregular occurrence in the soil and in the tops and roots of soybeans 
would minimize their importance in this problem. 

Amino acid nitrogen was absent from all soils in series I and HI inclusive, 
and from the sand of series IV, and present in all samples of soybean Lops of 
the four series. It was also present in all samples of roots of series I. All 
wheat tops of series II and III and all roots of series IE, except those of wheat 
grown alone at the first harvest and those of wheat grown with soybeans 
at the second, were free from amino acid nitrogen. The soybean nodules of 
series II grown in association with wheat at the first harvest, and alone at the 
second, sho-wed the presence of small quantities of amino acid nitrogen. In 
series III amino acid nitrogen was absent from all roots at the second harvest 
and from all nodules at botdi harvests of this series as well as from the nodules 
of series IV. Amino acid nitrogen was present in small amounts in the soybean 
roots of series IV. 

CONCLUSIONS 

The data obtained from these experiments seem to justify the following 
conclusions: 

1. Ammonia was found in all soils, tops, roots and nodules of each pot in the four series. 

2. With the exception of the wheat tops grown alone at the first harvest of series II 
and of the tops and roots of wheat grown alone at the same harvest of series HI, the tops 
and roots of wheat grown in association with soybeans had a higher ammonia content than 
those of corresponding wheat plants grown alone. 

3. The roots of soybeans grown in association with wheat contained a larger amount of 
ammonia than those of corresponding soybean plants grown alone. 

4. The sand and soybean roots of the uninoculated pots of the nitrogen-free sand series 
contained more ammonia than did those of the inoculated pots. 

5. Nitrites were found in all tops and nodules and in all roots of the inoculated pots 
of the nitrogen-free sand series, 

6. Nitrates were not found in soybean nodules of any series, but were sometimes found 
in the roots of inoculated soybeans grown in nitrogen-free sand. 

7. Amino acid nitrogen was not found in the soil or nitrogen-free sand, but it was found 
in all soybean tops of the four series, and was sometimes found in soybean nodules, in soy¬ 
bean and wheat roots, and in wheat tops. 

./S. Wheat grown in association with inoculated soybeans may, under favorable conditions, 
obtain considerable amounts of nitrogen from the latter without lowering the nitrogen 
content of the soybeans. 

9, Soybeans were capable of fixing large amounts of nitrogen when grown in inoculated 
nitrogen-free sand. 

10, Ammonia was the only form of water-soluble nitrogen found in the soil tops, roots, 
nodules, and nitrogen-free sand of each pot in the four series. 

11. The beneficial influence exerted upon wheat by the inoculated soybeans was evidently 
due to soluble nitrogen, possibly ammonia, placed at the di^sal of the latter by the 
former, when grown in association. 

12. All cropped soils ^wed a loss of nitrogen. With the uhsterilized soil this loss was 
greater in the soil planted to wheat alone than in the soils planted to soybeans and wheat 
in association or to soybeans alone, whereas in the sterilized Lufkin fine sandy loam series 
the loss from the soil planted to wheat alone was less than from the soil planted to soy¬ 
beans and wheat in association or to soybeans alone. 
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An experiment field, now known as Sanborn field, comprising 39 plots was 
established at the Missouri Experiment Station in 1888 (4) on a phase of the 
Putnam silt loam. This field was designed primarily for studying the effects 
of crop rotation, of manuring, and of the use of chemical fertilizer upon the 
yields of crops. Because, however, of the long continued application of the 
same soil treatments, which differ for each plot, some of these plots have be¬ 
come vastly different from others both in productiveness and in physical, 
chemical, and biological properties. They therefore provide an excellent 
opportunity for making special studies concerning the effects of various soil 
treatments when continued throughout a long period of time. 

For a number of years it has been observed that the manured plots have not 
worked down into as friable a seedbed as has the untreated land or the land 
receiving chemical fertilizers. No very satisfactory method was known for 
measuring this difference or for expressing it in mathematical terms. It was 
thought, however, that measurements of the draft of plows might show whether 
the manure actually made the soil harder to work. Accordingly d 3 mamometer 
tests were begun on some of these plots in 1923—^34 years after the soil treat¬ 
ments were started. Because some of the plots with the longer rotations are 
not plowed very often a good deal of time is required to accumulate any 
considerable number of measurements. Hence, this paper is presented as a 
progress report. 


METHODS 

The plowing was done during 1923 with a 14-inch Oliver Sulky plow and 
during 1924 and 1925 with a 16-inch P and O Sulky plow. Eadb plow was 
equipped with a general purpose bottom. The edge of the plot was opened 
with a two-way plot plow and measurements were made on the central por¬ 
tion of each plot. In most cases six or more readings were taken and the 
results averaged. The draft was determined by means of an Iowa integrating 
dynamometer. Some difficulty was experienced in getting an accurate 
measure on the depth of furrow, but the most satisfactory method found was 
to take an average of 8 to 12 measurements at 4- to 6-foot intervals over the 

^ Published by permission of the Director of the Missoiui Agricultural Experiment Station, 
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50 feet of furrow included in each draft determination. In order to study the 
effect of the moisture upon the draft and upon the pulverizing effect, soil 
samples were taken from each plot at the time of plowing. 

RESULTS OF DRAFT TESTS 

Table 1 shows a summary of all the tests made, giving the average draft 
per square inch of furrow slice for each date. It will be noted that some of 
the plots vary widely at different plowings. This usually can be explained 
by the moisture content at the time of plowing or by the crop preceding. Most 
of the measurements have been made, however, upon plots having a single 
crop system. Plots 12 and 13 in the 6-year rotation series were plowed after 
oats. Plots 34, 35, 37, 38, and 39 in the 4-year rotation were plowed before 
com in 1923 and before wheat in 1924. Plots 25 and 28, having a 3-year 
rotation, were plowed before com in 1925. The first tests made on April 8, 
1925 were at a higher moisture content than those made May 6. A slight 
source of error on these as well as on a few of the others was due to a light 
growth of weeds which may have affected the draft somewhat. An attempt 
was made to take the readings at all times as soon after removing a crop as 
possible so as to eliminate any error due to weed growth. 

EFFECT OF MANURE 

The effect of barnyard manure upon the draft is shown graphically in figure 
1, in which manured plots have been compared with unmanured plots having 
the same crop treatment. In the case of plots 28 and 35 the land has been 
manured during the first 25 years, but has had no manure since. These have 
been used as unmanured plots for comparison with those continually manured. 
Plot 39 was not used in this case because it was located a considerable distance 
from 34. It should be noted also that plot 2, which received chemical ferti¬ 
lizer, has been used as an unmanured plot for comparison with no. 5. It 
must be remembered that these plots are comparable in pairs—^manured vs. 
unmanured. 

The upper part of figure 1 shows the results from 15 pairs of plots. In 5 
cases the manured land gave a lower draft and in 10 cases it gave a higher 
draft th a n the unmanured land. When the results from each plot taken at 
different times are averaged the lower cur\’^es in the figure are obtained. These 
show that only in the case of plots 9 and 10, which axe in wheat continually, 
was the draft decidedly lower on the manured land. Plot 13 shows a some¬ 
what similar difference, but this was the result of but one test, as may be seen 
from table 1. 

KoU’s (5) results at Pennsylvania show a slight decrease in draft on the 
manured plots when these are compared with the imtreated land. However, 
in comparing the draft with ^‘humus” content (C X 1.724), plot 22 having 
the highest amount of so-called “humus” gave an average of 455 pounds, the 
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TABLE 1 

Eject of soil treatment upon the draft of plows 


DRAFT PER SQXjAI'E DfCH OF FURROW SLICE 


PLOT 

TREATMENT 

April 

n, 

July 

31, 




1 ^ 

Avw- 



1923 

1923 

1924 

1924 



age 

2 

\\ heat annually 

Nitrate of soda 495.6 pounds per acre 
Acid phosphate 111.3 pounds per acre 
Muriate of potash 111.3 pounds per acre 


5.46 


6.08 



5.77 

5 

Wheat annually 

Manure 6 tons 1889-1913 

Manure 3 tons since 1914 


6.35 


6.24 



6.29 

9 

Wheat annually 

No treatment 


5.30 


5.53 



5.41 

10 

Wheat annually 

Manure 6 ions 


5.26 


4.84 



5.05 

12 

6-year rotation 

Manure 6 tons 1889-1913-3 tons since 
1913 

Bonemeal 200 pounds on com and on 


1 5.20 





5.20 


wheat 








13 

6-year rotation 

No soil treatment 


5.67 





j 5.67 

17 

Com annually 

No treatment 

4.63 


5.60 


5.43 

5.80 

1 5.36 

18 

Com annually 

Manure 6 tons 

5.04 


6.82 


5.02 

6.29 

5.74 

21 

Wheat annually 

Manure 1889-1913 

Acid phosphate 200 pounds per acre 




4.76 



4.76 


since 1914 








24 

Wheat annually 
hlanure 1889-1913 

No treatment since 1913 




4.60 



4.60 

34 

4-year rotation 

Manure 6 tons 

5.16 



5.58 



5.37 

35 

4-year rotation 

Manure 1889-1913 

No treatment since 1913 

5.00 



5.52 



5.26 

37 

4-year rotation 

Manure 6 tons 1889-1913 

Fertilizer since 1913 

4.78 



5.62 



5.20 


300 pounds 3-10-4 on com 

200 pounds 3-10-4 on wheat 







5.21 

38 

4-year rotation 

Same treatment as plot 37 but has 2 tons 

4.78 



5.64 





limestone with com 








39 

4-year rotation 

No treatment 

5.03 



6.20 



5.61 
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TABLE 1 —CmUmied 



Fig, U Comparison op the Plow Brapx Per Square Inch op Furrow Suce on Manured 

vs. Unmanured Land 
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highest draft of any of the plots; plots 20 and 21 having the next highest 
amount averaged 443 pounds; and plots 23 and 24 having the lowest “humus” 
content averaged 439 pounds. 

The only explanation that can be suggested at this time as to why manure 
should increase the draft, is the influence exerted by the organic colloids. 
It seems likely that these may exert a binding effect upon the soil particles of 
this silt loam soil; that is, the material in an advanced stage of decomposition 
may exert a greater influence in binding the particles together than the unde¬ 
composed material can exert in holding them apart. As a result, the silt 
loam acquires some of the properties of a heavier soil and the effect upon the 
draft may be much the same as if clay particles had been added to the soil. 

EFFECT OF FERTILI2ERS AND LIME 

It is a common opinion among farmers that fertilizers added to the soil 
will soon result in more compact soil conditions and consequent higher draft 


TABLE 2 

Relative eject of manure and fertilizers upon the draft of plows {4~year rotation series) 


PLOT 

TREATMENT 

DRAPTPER 
SQUARE INCH 
APRIL 11, 
1923 

DRAPTPER 
SQUARE INCH 
JULY 31, 
1924 

AVERAGE 

34 

Manure 6 tons annually 188S>-1924 (35 years) 



poundi 

5.37 

35 

Manure 1889-1914 (25 years) no manure 



5.26 

37 

since 

Manure 25 years, 500 poxmds 3-10-4 fer¬ 

4.78 

5.62 

5.20 

38 

tilizer per rotation since 

Same treatment as 37 + limestone 2 tons 

4.78 

5.64 

5.21 

39 

added with com since 1914 

No soil treatment 

S.03 

6.20 

5.61 


of plows. Some of the plots in the 4-year rotation series were manured for 
only the first 25 years. Fertilizers were added to one of these and fertilizer 
and lime were added to another. The results are shown in table 2. It will be 
seen that the manured land has given slightly heavier draft than the land 
having no manure since 1913, and furthermore the fertilized land was slightly 
easier to plow than the land having no fertilizer. The average results of each 
of plots 34 to 38 compared with 39 show that the draft on plot 39 is slightly 
higher. This is due chiefly to the result of 1924, a very wet season. Plot 39 
being on the lower end of the series was, therefore, in a rather compact condi¬ 
tion. Then too it is a rather long distance from plot 34 which has been 
manured heavily. For these reasons and particularly since it had the same 
treatment as the others up to 1913, plot 35 is believed to be more suitable 
than 39 as a check plot for determining the effect of fertilizers or manure on 
these plots. 
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A comparison of plot 2 with plot 5 in table 1 shows a similar effect of fertilizer. 
The former, which received chemical fertilizers, gave an average draft of 5.77 
pounds w'hereas the latter, which received 6 tons of manure annually from 
1889 to 1913 and 3 tons annually since that time, gave an average draft of 
6.29 pounds. There w^as no untreated plot that could be compared directly 
with these but the results indicate that the draft was increased by the manure 
over the plot with chemical fertilizers. These plots, however, do not lie 
side by side and there is a very slight difference in slope. It seems likely, 
therefore, that too much emphasis should not be placed upon the results from 
these two plots. The figures, however, bear out the observations upon the 
land, since plot 2, which receives chemical fertilizers, invariably pulverizes 
into a much finer seedbed than does plot 5, which receives 3 tons of manure 
annually. 

Noll (5) showed that on the Pennsylvania plots the draft was about the 
same on four manured plots as on plots receiving commercial fertilizer alter¬ 
nating with them. 

The addition of lime at the rate of 2 tons an acre once in the rotation has 
apparently had no effect in decreasing the draft on this soil as shown by a 
comparison of plots 37 and 38 in table 2, This does not agree with Noll's 
results since he found a slight decrease in the draft due to a similar applica¬ 
tion of lime but through a longer period of years. Russell and Keen (8) also 
showed that 20 loads of fine chalk or SO loads of ‘‘dug” chalk per acre reduced 
the draft of plows approximately 11 per cent. These are of course much 
heavier applications than are considered practical in America, and with rela¬ 
tively small amounts of liming material the effect upon draft cannot be ex¬ 
pected to be so great. 

EFFECT OF SOIL MOISTXJEE 

Whenever dynamometer tests were made samples were taken for moisture 
determinations. It was believed that the effect of moisture upon draft might 
be considerable and that this was likely to be an important factor in causing 
variation under different soil treatments. Table 3 gives the moisture content 
of each plot at the time of the various tests. Figure 2 shows the relation be¬ 
tween the moisture content of the soil and the draft of the plow at the time 
of each series of tests. It will be noted that in general the draft becomes less 
with the higher moisture contents, and higher whenever the ground becomes 
dry. Just how wide is the range of soil moisture, to which this general state¬ 
ment could be applied is not known, but it seems likely that it will apply 
fairly well on this soil to such moisture conditions as are satisfactory for 
plowing. 

Kuhne (3) found that the draft increased with increasing dampness of a 
sand soil up to a certain point and thereafter decreased. In a soil dampened 
irregularly, the draft increased as the soil became drier. Ringelmarm (7) 
found that for plowing, the best results were obtained when the soil which 



EFPECTS OF SOIL TREATMENTS UPON DRAFT OF PLOWS 


283 


TABLES 


Soil moisture content of the various plots cU the time dynamometer tests were made 


PLOT 


son. MOISTUKE 


April 11, 

July 3 J, 

April 25, 

July31, 

Aprils, 

May 6, 




1923 

1923 

1924 

1924 

1925 

1925 



^ercttU 

percent 

percent 

percent 

percent 

percent 

2 

Wheat annually 

Nitrate of soda 49S.S pounds per acre 
Acid phosphate 111.3 pounds per acre 
Muriate of potash 111.3 pounds per 


14.24 


15.12 




acre 







5 

Wheat annually 

Manure 6 tons 1889-1913 

Manure 3 tons since 1914 


12.55 


24.25 



9 

Wheat annually 

No treatment 


10.66 


20.79 



10 

Wheat annually 

Manure 6 tons 


19.38 


27.13 



12 

6-year rotation 

Manure 6 tons 1889-1913,3 tons since 
1913 

Bonemeal 200 pounds on com and 


12.63 






wheat 







13 

6-year rotation 

No soil treatment 


7.09 





17 

Com annually 

No treatment 

18.38 


Lost 


18.07 

16.85 

18 

Com annually 

Manure 6 tons 

23.01 


I^st 


26.47 

25.90 

21 

Wheat annually 

Manure 1889-1913 | 

Acid phosphate 200 pounds per acre 




25.78 




since 1914 


1 





24 

Wheat annually 

Manure 1889-1913 

No treatment since 1913 


1 


25.19 



34 

4r-year rotation 

Manure 6 tons 

28.42 



27.72 



35 

4-year rotation 

Manure 1889-1913 

No treatment since 1913 

20.58 






37 

4-year rotation 

Manure 6 tons 1889-1913 

Fertilizer since 1913 

26.60 



25.41 




300 pounds 3-10-4 on com 

200 pounds 3-10-4 on wheat 







38 

4-year rotation 

Same treatment as plot 37 but has 2 

25.60 



22.21 




tons limestone with com 
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TABLE 3-^ontinued 


PLOT 

iKEAIMENT 

SOIL MOISTtratE 

April 11, 
1923 

JulySl, 

1923 

April 25, 
1924 

JulySl, 

1924 



percent 

percent 

per cent 

per cent 

39 

4-year rotation 

No treatment 

27.10 



19.93 

25 

3-year rotation 

Manure 6 tons annually 





26 

3-year rotation 

Manure 9 tons on com 





27 

3-year rotation 

No soil treatment 





28 

3-year rotation 

Manure 6 tons 1889-1913 

No treatment since 1913 






April 8, 
1925 


percent 

28.75 

29.65 

25.40 

27.55 


May 6, 
1925 


percent 

24.30 

26.35 

24.80 

25.80 
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was a calcareous clay contained 11 to 17 per cent of moisture, depending upon 
the physical character of the soil. The traction increased with decrease of 
moisture in the soil as follows: 


MOTSTTJTU: 

DK.APX PER SQUARE DECIMETER 

per cent 

kgm. 

15 4 

47.4: 

11 1 

46 1 

5 1 

70 7 

3.8 

78.2 


Daviess (1) found that plowing a clover sod with 25.4 per cent moisture 
gave an average draft of 4.6 pounds per square inch of furrow slice. Similar 
land after drying down to 19.S per cent moisture gave an average draft of 
S.9 pounds. In this one trial a decrease of 5.9 per cent in moisture increased 
the draft 28 per cent. Measurements at higher or lower moisture contents 
were not made. 

Ocock (6) made draft measurements on a soil when it was extremely dry, 
when it was extremely wet, and later when it was in good plowing condition. 
His results indicate that the plow pulled hardest m the very dry soil and light¬ 
est in the soil in good plow condition. The results from the extremely wet 
soil were slightly higher than for the soil with proper moisture conditions. He 
made no comparisons of the draft within the range of moisture content that 
might be considered satisfactory for good plowing. 

The results given in this paper differ from Ocock’s determinations in that 
all the measurements were made under at least fairly satisfactory plowing 
conditions. 

Haines (2) reports results of dynamometer tests from the Rothamsted Sta¬ 
tion on the Bam Field permanent Mangold plots. On one plot the moisture 
was 28 per cent and the plowing draft was 40 per cent greater than on the 
immediately adjacent plot with 22 per cent moisture. This was explained 
on the basis of laboratory tests by the fact that at 28 per cent moisture the 
soil had reached a pecuhar sticky stage corresponding with maximum fric¬ 
tion. Neither the treatments of &e two plots nor the causes for the difference 
in moisture contents were given. 

In figure 3 comparisons are made between the moisture contents of the 
soil and the draft both on the unmanured and on the manured plots. The 
plots have been arranged in the order of increasing draft, including all tests 
made on each plot. It will be noted that there is a decided general tendency 
for the moisture curve to fall as the draft curve rises. There are, however, 
many individual variations. It must be remembered that these curves are 
based upon results obtained from plots having widely different cropping S3^ 
terns and that they cover tests made at different times from 1923 to 1925. 
Because of the differences in compactness at these various times the moisture 
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curves cannot be expected to show as regular correlation as if the tests aJl 
could be made at about the same time, but with varying degrees of moisture. 



Fig. 3. Relation Between Soil Moistuee and the Bkaet or Plows on Manueed and 

ON Unmanueed Land 



FIg. 4. Relative Moistdee Contents or Manubed and or Unmanueed Plots at the 

Vasious Samplings 

effect of manure upon soil moisture 

It has long been observed that the water-holding capacity of a soil is in- 
aeased by applications of organic manures. This fact is brought out in 
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figure 4 in a comparison of the moisture contents of the manured and im- 
manured plots at the time of making the d3rnamometer tests. 

Figure 1 shows that on the average and in the greater number of cases, the 
draft was slightly higher on the manured plots than on the unmanured ones. 
Figure 3 also shows that the draft tended to decrease as the moisture content 
of the soil increased. It would seem, if these relations hold true on the aver¬ 
age, that if manured land were brought to the same moisture content as the 
unmanured land the difference in draft would be even greater than is indicated 
in these tests; that is, the higher moisture content of the manured plots has 
had a tendency to reduce the draft, but it still remains higher than on the 
untreated plots. 

A comparison of the results from plot 27, untreated, and plot 28 with manure 
the first 2S years, shows that the draft on April 8, 1925, was practically the 
same, but that plot 28 had 2.15 per cent more moisture than plot 27. On 
May 6, plot 28 had a moisture content of 25.8 per cent, or only 0.4 per cent 
higher than the moisture in plot 27 on April 8. The draft, however, had 
increased from 4.56 to 5.06 poimds per square inch of furrow slice. This 
shows that when the moisture content of the manured land was brought down 
to approximately that of the unmanured, the draft was materially higher. 
Similar results are shown by a comparison of plots 25 and 26 with plot 27. 

From these results it seems likely that if the moisture factor could be elimi¬ 
nated, manured land might be decidedly harder to plow than unmanured 
land, at least on this particular soil. 

SUMMARY 

1. Dynamometer tests were made on 19 different plots that had received 
different rotation and manurial treatments during the past 36 years. 

2. The type of soil is Putnam sUt loam, but it is somewhat darker and the 
surface soil is slightly deeper than typical areas of this prairie type. 

3. Heavy manuring has had little effect upon the draft of plows, but in 
general seems to have had a tendency to increase it. 

4. The unmanured plots usually work down into a more friable seedbed 
condition than do the manured plots. 

5. Chemical fertilizers, even with rather heavy applications, have not in¬ 
creased the plow draft and, from the limited number of tests, seem to give 
slightly lower results than manured land. 

6. The draft tended to increase as the soil moisture decreased, where the 
measurements were made imder fairly satisfactory plowing conditions. 

7. The manured land contained more soil moisture than unmanured land. 
This fact may have brought the results from the manured and unmanured 
plots nearer together than if these plots could have been plowed at the same 
moisture content. 

8. It should be understood in this connection that the crop yields from the 
manured plots have been much higher than from the unmanured land* 
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The extensive studies that have been made on base exchange by workers in 
various countries have contributed to a better understanding of soil acidity. 
As is well known, a neutral soil when treated with a neutral salt solution, such 
as KCl, loses a part of its bases (chiefly Ca) and gains an equivalent amount 
of base from the solution. Dilute acids react with soils in a Rimilar way. If 
a neutral, carbonate-free soil is treated with a dilute acid, the complex with 
which salts exchange their bases is attacked, and if the acid is sufficiently dilute 
the reaction is limited to a substitution of H ions for soil bases (5). Ramann 
(18) and others have aptly designated acid soils as being unsaturated with 
respect to base. 

A detdled review of the voluminous literature on ion exchange in soils seems unnecessaiy 
at this time. Numerous papers have been published on various phases of the subject by 
prominent workers in Germany, Holland, Russia, England and Japan. After the prindpd 
part of the expeiimental work which is presented herein had been completed, the attention 
of the authors was called to a very interesting discussion by van der Spek published in the 
Dutch language (22). In his paper® Dr. van der Spek has presented considerable experi¬ 
mental data which, when considered in conjunction with the investigations of Hissink (11), 
Kappen (14), Ramann (18), Daikuhara (7) and others, have led the author to conclusions 
quite similar to those drawn independently by Gedroiz (9,10) and which are in close agree¬ 
ment with the views recently published by Hissink (12), Page and Williams (17), and Robin¬ 
son and Williams (19) and with those presented in this paper. 

As shown by Gedroiz (9) and Hissink (11), ion exchange in soils is subject to the principles 
of mass action and chemical equilibrium, but the several cations differ considerably in their 
replacing activity. The available evidence is that the repladng activities of these ions stand 
in the order H > Ca > Mg > K **= NHi > Na, H ions being much more active than any 
of the bases named. As bearing on this point the authors have found that upon treating a 
neutral soil with an acid solution of N NaCl (pH 4.0) the cation exchange was effected mainly 
by H ions and not by Na ions, notwithstanding the great preponderance of Na over H ions 
in the solution. 

The exchange of H ions for soil bases may be efiecled to a considerable extent 
by leaching the soil with a solution low in H-ion concentration, such as an 
aqueous solution of CO 2 . We have found for instance that the exchangeable 

* Paper No. 137, University *of California, Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverside, California. 

® Acknowledgement is due Dr. Richard Bradfleld for the loan of an English translation 
of this paper. The translation was made by Mr. R. V. Allison of New Jersey. 
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Ca of a sample of neutral Ramona clay loam was reduced from 0.436 per cent 
to 0.384 per cent by brief extraction with distilled water saturated with CO 2 , 
and to 0.391 per cent by similar extraction with 0.008 N acetic acid. The 
carbonic acid dissolved 0.051 per cent Ca and the acetic acid dissolved 0.042 
per cent, which was approximately equal in each case to the observed reduction 
in the exchangeable Ca. The acidity of the soil as determined by the hydrogen 
electrode was increased from pH 6.95 to approximately pH 5.0. A second 
extraction with carbonic acid of the first sample dissolved 0.024 per cent Ca, 
a third, 0.013 per cent; and a fourth, 0.012 per cent, making a total of 0.1 
per cent Ca removed by the four extractions. After the fourth extraction with 
carbonic acid the soil was found to contain only 0.342 per cent replaceable Ca, 
which indicates that the acid continued to react chiefly with the exchange 
complex. However, still stronger acids, such as dilute HCl (0.01 N to 0.02 N) 
may also attack constituents other than the exchange complex, as was shown 
previously (15). 

There is little room for doubt that the acids formed in natural soils by bio¬ 
logical processes ultimately bring about a substitution of H ions for soil bases 
with the formation of simple salts of these bases. Under equilibrium condi¬ 
tions the exchange can not become complete unless a strongly acidic solution is 
used, but when the equilibrium is disturbed by leaching or as a result of 
absorption by growing plants, the exchange of H ions for soil bases may finally 
approach completion, 

THE REVERSIBILITY OF ION EXCHANGE IN SOILS 

The exchange reaction is at least partially reversible, that is, H ions may be 
displaced from the exchange complex by the base of a neutral salt solution. 
The usefulness of the Hopkins method and other similar ones for the determina¬ 
tion of soil addit}’’ depends upon this fact. Cummins and Kelley (6) pointed 
out in 1923 that an add soil may be converted into an alkaline soil by treat¬ 
ment first with NaCl and then with distilled water. The authors have made a 
further study of this point, using several types of add soils drawn from various 
parts of America. 

Twenty-five grams of soil was first digested over night at 70®C. with 250 cc, 
of neutral N NaCl or CaCl 2 . The following morning the samples were trans¬ 
ferred to a filter and washed at room temperature with fresh portions of the 
solutions xmtil the leachates came through approximately neutral. The 
ocduded soluble salts w^ere then removed by leaching with distilled water. 
The pH values of the soil before and after the treatment are shown in table 1. 
It will be noted that this treatment brought about a material reduction in the 
H-ion concentration of every soil studied. Howrever, since (a) H ions have a 
greater aBBinity for the exchange complex than have metallic ions and (6) certain 
organic adds, the base of whose salts is replaceable, appear to be not readily 
convertible into salts by treatment with a neutral salt of Ca or Na, it may not 
be possible to displace all of the H ions by this kind of treatment. 



As bearing on this point, a part of the replaceable bases of a neutral soil was 
first substituted by H ions by treating the soil with a dilute solution of acetic 
add, and then an attempt was made to reverse the process by leaching the soil 
at room temperature with N CaClo. The experiment w^as only partially suc¬ 
cessful. The treatment with CaCl 2 reduced the H-ion concentration of the 
acid-treated soil from pH 4.26 to pH 5.42. After the treatment with acetic 
add the soil contained a total quantity of replaceable bases equivalent to 0.414 
per cent Ca and the final treatment with CaCl 2 raised this figure to only 0.455 
per cent, instead of to 0.546 per cent, the total amount of replaceable bases 
expressed as Ca originally present in this soil. 

Hissink (12) has obtained similar results. In discussing this point he 
presents the matter very dearly as follows: 

When we treat a soil with a solution of potassium chloride the filtrate contains H ions. 
The following reaction takes place; 

Soil H' (solid phases) + K' -h Cl' (solution) ?± Soil K' (solid phase) -f H' + Cl' (solution). 

Thus there is not only an exchange of Ca, Mg and Na ions of the soil for K ions from the 
KCl solution, but also an exchange of H ions of the soil for K ions from the ELCl solution. It 
should be noted that the solid phase, the soil, becomes less unsaturated, that is less add, 
through this process. 

We find, however, that only a part of these H ions is exchangeable. I have for instance 
leached out a soil (pH 4.5) with a KCl solution up to 2 liters as a result of which the pH 
of the soil rose to about 5. 

On the other hand, GedroLs (10) seems to think that by leaching the soil 
with a solution of a neutral salt of high replacing activity, such as BaCl 2 , the 
replacement of H ions by Ba may be taken to completion. 

By referring to table 1, it will be seen that the leaching with the salt solutions 
produced a greater reduction in the H-ion concentration of certain add soils 
than of others. It seems probable from the e\ddence at hand, either that 
soils contain a series of compounds, variable from soil to soil, some of which 
undergo ion exchange more readily than others, particularly as regards the H 
ion, or else that the exchangeable ion may occupy more than one position in 
the molecule of the reacting substance. 

The alkalinity developed by treating certain of these soils with NaCl was due 
to hydrolysis of the Na complexes formed as a result of the substitution of Na 
for other cations (Ca and H, chiefly the foimer), and should not be interpreted 
to mean that all the H was displaced from the exchange complex by Na. In 
support of this statement Samuels^ has found in his studies on alkali soils 
that when Na is the chief replaceable base present the soil may remain alkaline 
after H ions have displaced a considerable part of the replaceable Na. It 
appears that the pronounced hydrolytic tendency of the Na complex is respon¬ 
sible for this fact. 

The foregoiag results help to explain the fact that the application of NaNOs as 


’ Unpublished thesis. 



a fertilizer tends to reduce the acidity of acid soils and if continued may ulti¬ 
mately make the soil alkaline. Moreover, the increased acidity that has been 
reported from the protracted use of (NH 4 ) 2 S 04 is also readily explained. When 
this latter salt is applied Ca is at first displaced by NH 4 with the resulting for¬ 
mation of CaSO^. The intervention of nitrification leads to the conversion of 
NH4 into HNO3 with the resulting introduction of H ions into the exchange 
complex and a consequent increase in the acidity of the soil. 

THE DIALYSIS OP SOILS 

A neutral soil may be made acidic by merely subjecting it to the process of 
dialysis, and the change from neutrality to acidity may be hastened by con¬ 
ducting the dialysis under the influence of an electric current. As a means of 
studying this phase of the subject, an ordinary battery cell, such as is used in 


TABLE 1 

E-ion concentration of soils as affected by leaching uith normal CaCk or NaClfollowed by leaching 

with water 


SOIL TYPE 

LOCATIOir 

Original soil 

pH VALVES 

After 
treatment 
vrith CaCls 

» 

After 

treatment 

withNaCl 

Clermont silt loam. 

Tndiartfl. 

5.14 

6.65 

7.17 

Melbourne clay loam. 

Oregon 

4.99 

5.47 

6.49 

Greenville clay loam. 

South Carolina 

4.80 

6.06 

6.49 

Volusia silt loam. 

New York 

5.22 

5.50 

7.84 

Greenville sandy loam. 

Alabama 

5.10 

6.00 


Holston silt loam.i 

Alabama 

4.97 

6.00 


Rhonendlle clay loam. 

California 1 

5.05 

6.51 


Tidal marsh (surface). 

California 

5.73 

6.40 

7.81 

Tidal marsh (subsoil). 

California 

4.76 

5.51 

7.04 


automobiles, was separated into three compartments by means of parchment 
paper held in place by soft rubber.'* A 25-gm. sample of soil was placed in the 
central compartment of the cell and all of the compartments were filled to the 
same level with distilled water. Platinum electrodes connected with a 60- to 
65-volt direct current were dipped beneath the surface of the water in the tw^o 
outer compartments. . 

The distilled water that was placed in the cathode compartment soon became 
alkaline whereas that in the anode compartment became slightly acidic. 
Analysis showed that the alkalinity of the former was due to the hydroxides of 
bases (chiefly Ca) which dialyzed out of the soil, whereas the acidity noted was 
due to phosphoric acid, but the amount was always small in comparison with 
the amount of base found in the cathode compartment. 

^ The authors wish to acknowledge in this connection the helpful suggestions of Dr. S. E. 
Mattson of the Bureau of Soils. The apparatus used was patterned after that which he has 
employed in the study of soil colloids. 
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After having been subjected to the conditions of electro-dialysis for a period 
of 5 days the soil, whose original pH was 6.95, had become decidedly acidic 
(pH 4.50). A determination of the replaceable bases showed that the ex¬ 
changeable Ca had been reduced by the dialysis from 0.436 per cent to 0.280 
per cent. 

Neglecting the various constituents that are not involved in ion exchange, 
the following seems a reasonable explanation of the foregoing results; In the 
presence of water the exchange complex (Ca^R) ionizes to a slight extent, 
giving rise to a relatively low concentration of cations (chiefly Ca++) and com¬ 
plex alumino-silicate particles bearing a negative charge. Although a given 
particle may possibly contain many atoms of exchangeable base, the particle 
will bear a negative charge whenever the slightest ionization tahes place; it 
will then become essentially a complex anion. 

The cation dissociation product of the exchange compounds (Ca++) vras 
able to pass through the parchment membrane and therefore migrated under 
the influence of the electric current toward the negative pole. H ions, formed 
by the dissociation of water, also migrated in the same direction. Upon reach¬ 
ing the negative pole the latter were discharged and converted into Hs. The 
anion, that is, the exchange complex bearing a negative charge, was too large 
to pass through the membrane. The OH ions of water served, however, to 
complete the circuit, and upon reaching the positive pole were discharged with 
the liberation of O 2 and the formation of water. The result was that Ca(OH )2 
accumulated in the cathode compartment and the exchange complex remained 
in the central compartment where it combined with H ions of water and con¬ 
sequently became acidic (base unsaturated). The electric current, therefore, 
brought about a separation of the products of ionization and thus promoted 
the ionization process. It merely effected a transfer of ions that were present 
in the system. 

Since, as will be more fully discussed later, the rate at w’^hich base is removed 
from a given soil by dialysis, and probably the rate of cataphoresis of the soil 
particles also, depend upon the nature of the specific ions present in replace¬ 
able form, it appears probable that the degree of ionization of the exchange 
complex is different depending upon the base with which it is combined. 

When H ions are substituted for metallic ions, one of the ionization products 
of the exchange complex is the H ion. If an aqueous suspension of a partially 
unsaturated soil is placed in an electric field, H ions together with other 
diffusible cations that are present will migrate toward the negative pole, but 
the necessary discharge of the soil complex bearing the negative charge de¬ 
mands that H ions must again be taken up from the solution. Thus the 
exchange complex, only partially saturated with base and therefore acidic at 
the outset, will become still more so as the dialysis proceeds. 

It seems probable that the process involved in the electro-dialysis of a soil 
is similar in principle to that which obtains in the region of plant roots wrhere 
bases are being actively absorbed. In the latter case the valency of the 
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exchange complex remains saturated through the taking up of H ions from the 
soil solution. The H ions, being formed by CO 2 excretion and by micro¬ 
biological activity, replace the bases, and the absorption of the bases by plant 
roots disturbs the equilibrium by taking up one of the products of the exchange 
reactions. The result is that in the course of time the soil becomes acidic. 

As has been shown by various workers in the field of colloid chemistry, ions 
condensed on the surface of colloidal materials may be displaced by other ions 
of like charge. In accordance with the view of a certain school of colloid 
workers it has long been customary in agricultural literature to explain the 
phenomena of soil acidity and base exchange on the basis of adsorption. On 
the other hand, the chemical substitution of one base for another, or of H for 
base, in the natural silicates appears to be an established geological and minera- 
logical fact. So far as we are aware every critical study that has been made 
on the various reactions with soil materials has yielded results that are har- 
monizable with accepted chemical principles. For example, it has often been 
reported that difierent alkalies do not combine with acid soils in chemically 
equi\'alent quantities, but Truog (21) pointed out several years ago that, if the 
determination is so made as to avoid side reactions, the law of combining 
weights really applies to this reaction. More recently Bradfield (1) in con¬ 
nection with his interesting work on soil colloids has shown that when the 
experimental conditions demanded by the principles of physical chemistry are 
maintained the neutralization of the colloid by means of different alkalies 
follows accepted chemical principles. As is pointed out by Bradfield the 
results are in harmony with the view that the acidity is due to true acid com¬ 
pounds of low solubility and low ionization. Unpublished data obtained in 
this laboratory have further strengthened the chemical interpretation of ion 
exchange in soils. 

The aforementioned and various other experiments suggest that ion 
exchange in soils involves true chemical compounds. The active substances 
are probably colloidal and therefore the reactions take place largely at the 
interfaces between the particles and the solution, but this does not prevent its 
being chemical. It is true that electro-magnetic forces may possibly bring 
about an orientation of ions and molecules at the interface between a solid 
and a solution somewhat different from that wdiich obtains in other parts of 
the solution and which may affect the electro-kinetic properties of the particles. 
However, as Truog (21) has pointed out, the reactions with the exchange 
constituents of soils appear to be strictly chemical. The so-called adsorption 
compounds of soils are probably true chemical compounds. 

Hissink (12) recently stated: 

The opinion has of late been gaining more and more ground that the cause of the adsorption 
is to be sought in chemical attraction; in other words a chemical compoimd is formed by the 
adsorbed bases and the particles of the soiL These soil particles can only be the adds in the 
day and in the humus, briefly the clay adds and the humus adds. TOth regard to the 
composition of these hypothetical day adds we can only say that they must be a kind of 
alumino-silidc add; the humus adds are of course organic adds. 
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In a recent discussion of the literature Drummond and Page ( 8 ) state: 

Now that Bradfield (2,3) has clearly demonstrated that the colloidal clay material of soils 
does actually behave as a true acid, this fact together with the proof that the humic acids of 
soils are also true acids provides a sound experimental basis for HissinL*s h 3 *pothesis and it is 
possible to explain all the phenomena in qu^tion as chemical ionic reactions of weak acids 
(clay acids and humic acids), these reactions being localized at a solid-liquid interface owing 
to the fact that these acids are insoluble and present in the soil as colloidal particles or as gel 
on the surface of mineral soil particles 

Robinson and Williams (19) have expressed a similar opinion. 

The existing experimental data seem to agree with the assumption that the 
inorganic exchange complex is composed of a complex salt of one and prob¬ 
ably more of the polybasic alumino-silicic or silicic acids.® WTien the bases 
have been substituted by H ions the compounds become acid silicates. The 
soil then manifests acid properties. 

THE RELATION OF TRIV.tLENT BASES TO ION EXCHANGE 

When an acid soil is treated with a neutral salt solution, such as RCl or 
NH 4 CI, more or less Al, Fe and Mn usually pass into the solution. We have 
shown (15) that the sum of all the bases which are displaced from the soil, 
including the trivalent metals, may be approximately equivalent to the 
amount of base which is absorbed from the salt solution. Various investi¬ 
gators (7, 14, 16) have found that the titratable acidity of an extract, ob¬ 
tained by treating an acid soil with a neutral salt solution, is approximately 
equal to the Al content of the extract. These facts suggest that acid soils 
may contain trivalent bases in replaceable form. The following experiments 
were made in the hope of throwing some light on this point. 

Different portions of a neutral soil were leached first with solutions of AlCl® 
of various strengths and then with distilled w^ater until free from Cl. The 
chief base removed from the soil by this treatment w^as Ca and the amouni 
removed increased with the concentration of the AICI3 solution. The pH of 
the soil was then determined with the hydrogen electrode and the replaceable 
bases were determined by the use of a neutral solution of N NHiCL 

The results recorded in table 2 show: (a) that the prelimmary treatment 
with AICI3 made the soil distinctly acid, and ( 6 ) that as the strength of AlCla 
was increased the content of bases (chiefly Ca) originally present in replaceable 
form suffered progressive diminution. The data suggest, however, that the 
bases -were replaced not by Al ions but by H ions formed as a result of the 
hydrolysis of AlCls. It will be noted, for instance, that the amount of NH, 

‘ As pointed out by Gedroiz (9), Hissink (11), and others soils usually contain more or less 
of organic substances (humic bodies), as well as inorganic substances, which take part in ioi 
exchange. With highly organic soils, such as peaty soils, the chief part of the exchange ii 
probably borne by organic bodies. The soils with which we have worked, however, contaii 
very small amounts of organic matter. 
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absorbed from the NH4CI solution, which is an accurate measure of cations 
displaced by NH4CI, was always in stoichiometric excess of the sum of the 
displaced monovalent and divalent bases, this being especially pronounced 
when the higher concentrations of AICI3 were used. Moreover the NH4 
absorbed was not stoichiometric with the bases dissolved even assuming that 
the A1 found in certain cases was really brought into solution by exc!^nge. 
As a matter of fact the treatment with concentrations of AICI3 ranging from 
0.001 N to 0.01 N brought about a progressive increase in the acidity of the 
soil and a corresponding diminution in the replaceable bases without the soil 
having acquired any substantial amount of replaceable Al. 

Since solutions of AICI3 hydrolyze into HCl and Al(OH)8, the former being 
highly ionized and the latter only slightly so, the concentration of H ions 
in the dilute solutions of AlCls must have exceeded that of Al ions. The 
soil bases were displaced by the H ions just as if the soil had been treated with 
a pure acid of low ionization. At the same time more or less Al was absorbed 


TABLE 2 

Effects of extraction with NHiCl after first treating the soil with AlCk 


NO&aCALITY OF 

AlCla 

pH OF sou. 
AFTER AlCla 
TREATMENT 

BASES EXTRACTED <PER CEifT OF SOIL) 

miLIGSAM EQUIVALENTS 

Ca 

Mg 

Al 

Bases replaced 
exclusive of Al 

NHi 

absorbed 

0 

6.95 

0.436 

0.073 

0 

27.9 

27.3 

iV/1000 

5.96 

0.359 

0.065 

0 

23.3 

27.2 


5.65 

0.338 

0.046 

0 

20.7 

27.2 


5.05 

0.301 

0.048 

0 

19.0 

26.1 

iV/lOO 

4 94 

0.202 

0.033 

Trace 

12.8 

26.5 

A^50 

4.84 

0.089 

0 021 

0.117 

6 2 

25.1 

A'/IO 

4.84 

0.036 

0.013 

0.197 

2.9 

20.7 


by the soil as was indicated by the diminished Al content of the solutions used 
in treating the soil. This absorption, however, was probably effected through 
the mutual colloidal precipitation of Al(OH )3 and soil colloids rather than by 
an exchange of Al ions for soil bases, contrary to the conclusion drawn by 
Gedroiz (9) from similar experiments on the basis of a determination of the Al 
content of the soil before and after it was treated with a solution of AICI3. 

The absorption of NH 4 in excess of that required to displace the Ca and Mg, 
referred to above, was probably due to the exchange of NH4 ions for H ions in 
the exchange complex. 

It will be noted that the preliminary treatment with the more dilute 
solutions of AlCU brought about an inverse proportionality between the acidity 
of the soil and its total content of replaceable base, but that this inverse 
relationdiip disappeared after approximately one-half of the replaceable bases 
had been substituted by H ions. In connection with electro-dialysis experi¬ 
ments it was found that upon bringing about approximately complete sub¬ 
stitution of H ions for the bases of this soil the acidity finally reached pH 4.0, 
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which appears to be the maximum acidity attainable by the ionization of the 
aluraino-silicic and organic acids of this soil. 

The existing evidence indicates, as pointed out by Saint (20), that it is the 
solvent power of the salt solution, enhanced by displacement of H ions from the 
exchange complex, that is chiefly responsible for the solution of the trivalent 
bases upon treating an acid soil with a neutral salt solution. It is also indi¬ 
cated that in some cases the soil solution itself may become sufficiently acid to 
dissolve significant amounts of these bases. In this connection we have found 
that A1(0H)3, either when absorbed from a solution of AICI3 or when added 
to a soil as such, is considerably more soluble in an acid solution of KCl than 
in an NH4CI solution of equal H-ion concentration. 

As has been shown by various workers, A1 is the principal trivalent base of 
importance in certain acid soils. In other soils Mn predominates. We have 
found, for instance, that with a sample of neutral Ramona clay loam the 
solubility of Mn in N NH4CI was increased from a trace to 0.034 per cent by 
dialyzing out approximately one-third of the replaceable bases, and to 0.066 
per cent by dialyzing out approximately two-thirds of the bases. The dialysis 
produced no change in the solubility of A1 and Fe. In addition a sample of 
Greenville sandy loam, sent from Alabama by Dr. F. W. Parker, contains 
0.037 per cent Mn soluble in N NH4CI, and a sample of Holston silt loam con¬ 
tains 0.081 per cent, but neither of these acid soils contains appreciable amounts 
of soluble A1 or Fe. On the other hand a sample of colloidal material (pH 
5.35) separated by Dr, Bradfield from add Putnam day was found to contain 
0.145 per cent A1 and 0.112 per cent Fe soluble in N NH4CI. 

Whatever may be the origin of the compounds of the trivalent bases and the 
mechanism by which they are brought into solution in add soils, either by salt 
solutions or by the soil solution, it is dear that soil addity is a phenomenon 
which involves a diminution in the supply of replaceable Ca with a correspond¬ 
ing increase in the H content of the exchange complex. Add soils are, therefore, 
to be regarded as being in a state of unsaturation with respect to bases. 

THE CONTENT OE REPLACEABLE CA IN ACID SOILS 

A determination of the replaceable Ca in several acid soils obtained from 
various parts of America showed a relatively low content of Ca. The results 
are in agreement with those obtained by Robinson and Williams from a study 
of Welsh soils (19). The defidency in the replaceable Ca becomes espedally 
apparent when the data (table 3) are compared mth those previously reported 
for approximately neutral soils both in America (15) and in Europe (9,11,17). 

It does not follow, however, that an add soil necessarily contains a low 
absolute amount of replaceable Ca, for the substitution of H ions for only a 
comparatively small part of the replaceable Ca may produce an add reaction, 
as was shown earlier in this paper. Neither does it follow that the exchange¬ 
able H-ion content is necessarily high in an add soil whose replaceable Ca is 
low, since the total content of exchangeable cations, as well as that of Ca, may 
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be low. These statements are strongly supported by unpublished data ob¬ 
tained in the course of studies on the colloidal materials which were separated 
from different soils by the use of the super-centrifuge. 

GENERAL DISCUSSION 

At least three general principles must be considered in arriving at an under¬ 
standing of soil reaction; namely, (a) direct ionization, (b) hydrolysis, (c) the 
so-called buffer effect. 

As is shown by the foregoing experiments on dialysis, the exchange complex 
ionizes to some extent. If Ca is the only cation component of this complex, the 
compounds are reasonably stable chemically and practically non-hydrolizable 
and, therefore, give an approximately neutral ionization. When H ions enter, 
the compotmd tends to give an acid ionization, but there is some doubt as to 


TABLE 3 

Replaceable Ca content of various acid soils 


TYPE 

LOCATION 

pH 

Ca 

Clermont silt loam... 

TnHiftnn. 

5.14 

percent 

0.068 

TTurlawi-fied rlay Inam . 

California 

4.97 


Rhonerville clay loam. 

California 

5.05 


Hagerstown clay loam... 

Pennsylvania 

Oregon 

South Carolina 

4.77 


Melbourne clay loam. 

4.99 


Green\ille clay loam. 

4.80 

0.060 

Volusia silt loam. 

New York 

5.22 

0.103 

Cecil clay loam. 

Georgia 

California 

6.12 

0.018 

Tidal mfl.rsb clay loam... 

5.73 

mam 

Tidal marsh subsoil. 

California 

4.76 


Greenville sandy loam. 

Alabama 

5.10 

0.041 

Holston silt loam. 

Alabama 

4.97 

0 056 

Miami loam... 

Michigan 

Wisconsin 

6.59 


Glaucester silt loam. 

5.90 




whether the soil with a small part of the exchangeable base substituted by H 
ions is necessarily addic. Gedroiz (9, 10) has suggested, for example, that, 
although CaCOs serves to protect the exchange complex against attack it is 
possible that the substitution of H ions of biological origin for bases may begin 
before the last traces of CaCOs have been decomposed. If this is true it means 
that the base-unsaturated complex can exist in equilibrium with CaCOs* 

It seems possible as suggested by Page and WiUiams (17) that: 

As weak adds these complex adds will exist entirely in the form of salts (i.e. the soil 
will be saturated in the modem sense) only when the solution is quite alkaline, with a pH far 
above 7, whereas in a neutral or faintly alkaline soil, with a pH of 7 to 8, in equilibrium with 
caldum carbonate, which in Ramann’s terminology would be termed an absorptively satu¬ 
rated soil, the degree of saturation in the modem sense would still be far from complete; that 
is an appreciable proportion of the complex acids would still exist in the free state, or the 
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•absorbing complex would stiU contain exchangeable hydrogen ions which could be liberated 
by base exchange with a neutral salt. 

If this view is sound, it follows that the mere application of an excess of 
CaCOa will not change an acid soil into a state of base saturation (17, p. 583). 
The application of CaCOj would, of course, modify the reaction of the soil and 
improve its crop-producing power, as experience has abundantly proved. 
Hissink (12) recently published data which indicate that an acid reaction 
may not ensue until a relatively large percentage of the base of a saturated soil 
has been substituted by H ions. 

We expect to discuss this point more fully in a separate paper to be devoted 
to a consideration of analytical methods for the determination of replaceable 
H ions. At present it will suffice to say that our results indicate that, so far 
as the exchange complex of normal soils is concerned, an acid reaction ensues 
whenever any considerable part of the replaceable base is substituted by H 
ions. It should be borne in mind, however, that the exchange silicates, like 
the phosphates, may ionize in various ways. The ionization might be repre¬ 
sented by either of the following: 

HR H+ + R, 

CaxHR ?=k H+ + CaiR or 

Ca^HR ^ Ca"*^ + Ca(x ir‘i)E[R. 

If the last predominates the reaction would probably be approximately neutral. 

Hydrolysis may involve both the exchange complex and the various crystal¬ 
line minerals of soils. When Na comprises any considerable part of the total 
replaceable bases, the complex, as already pointed out, tends to undergo 
hydrolysis with the resulting formation of small amounts of NaOH.® The 
crystalline silicates, as well as CaCOs, may also undergo hydrolysis. As is 
well known, various silicates, such as the feldspars, yield alkaline solutions by 
hydrolysis. The hydrolytic products of these silicates may possibly dominate 
the reaction of a carbonate-free soil whose exchange complex is slightly un- 
saturated with bases. 

The buffer effect of soils, as commonly understood, is concerned mainly with 
the exchange complex and is an expression of the replacing activity of H ions. 
As is indicated above, H ions are energetic replacing ions. When the H-ion 
concentration of a solution brought into contact with a given soil exceeds 
that given by the ioiuzation of the exchange complex, an exchange of ions will 
take place with the result that H ions will be absorbed from the solution and a 
simple salt of the substituted base will be formed. The buffer property 
against acids is thus conditioned on the presence of base in replaceable form 
and its extent is determined by the amount present. 

• This hydrolysis, as suggested by Gedroiz (10) and by Joffe and McLean (13), may, of 
course, be regarded as merely an aspect of ion exchange in that H ions of water displace Na 
from the soil. It is doubtfuL however, whether anything is gained by tliis view. 
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From the foregoing discussion it must be apparent that the H-ion concen¬ 
tration of a soil is not necessarily correlated with the composition of the soil 
solution. On the other hand the composition of this solution, its constancy, 
and its rate of renewal vitally affect the crop-producing power of the soil. 
Reasoning from general principles one must assume that the composition of the 
soil solution is profoundly influenced by biological action and that the bases 
required by plants are brought into solution largely by biologically formed 
acids. Recent investigations by Burd (4) strongly support this view. Since 
in the absence of carbonates these acids tend to react, as already shown, by the 
substitution of H ions for Ca, a soil which is free from CaCOs and low in re¬ 
placeable Ca must be regarded as being essentially deficient in Ca. Acids 
formed in such a soil by biological action tend to bring into solution toxic 
concentrations of A1 or Mn. 

From this point of view the unproductivity of acid soils and the beneficial 
effects of liming become intelligible. As pointed out by Robinson and Williams 
(19) the unproductivity is not necessarily due to the H-ion concentration 
directly; toxic concentrations of A1 or Mn and insufiSdency of phosphate supply 
may be involved, and perhaps equally important may be the inadequacy of the 
available Ca supply. The application of lime tends to reduce the H-ion con¬ 
centration, lower the solubility of Al, and furnish an available supply of Ca. 
In consequence of all these changes together with the indirect erfect on 
the solubility of phosphates and on micro-biological processes, crop growth is 
promoted. 

These studies also afford an explanation of the well-known fact that, whereas 
the application of CaCOs may improve the crop-produdng power of an acid 
soil, the application of gj^sum may not do so. The latter would xmdoubtedly 
tend to overcome the defidency in available Ca but this advantage might be 
more than offset by the replacement of H ions with the consequent increase in 
the addity of the soil solution and the resultant dissolving of toxic Al. 

SUMMARY 

1. Dilute acids react with soils in much the same way as neutral salts. The 
reaction involves an exchange of ions. When reacted upon by acids the ex¬ 
change complex gives up base in exchange for H ions. The sofi then becomes 
unsaturated with base and therefore addic. The condition of unsaturation 
vdth respect to base is characteristic of add soils. This condition is brought 
about in natural soils by the combined effect of biologically formed adds, leach¬ 
ing and the absorption of bases by growing plants. 

2. H ions are energetic replacing ions. Weak adds, such as carbonic add, 
are capable of effecting an exchange of H ions for soil bases. The H ions may 
in turn be displaced from the soil, in part at least, by the base of a neutral salt, 
with the resulting formation of an acid solution. 

3. The exchange complex ionizes to some extent, as dialysis experiments 
indicate. The ionization products of a base-saturated soil are composed 
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largely of the replaceable bases as cations and the alumino-silicate particles 
as anions. When the dialysis is conducted under the influence of an electric 
current, the bases accumulate around the cathode and can be separated from the 
soil and determined as the hydroxides. At the same time the exchange com¬ 
plex becomes acidic through the taking up of H ions from the solution. It is 
possible to effect approximately complete substitution of H ions for the re¬ 
placeable bases by this means. 

4 The replaceable bases of mineral soils are believed to be chemically com¬ 
bined as salts of one or more of the alumino-silicic acids, and when substituted 
by H ions the compounds become acid silicates. It is suggested that the elec¬ 
tro-negative character of soils, their cataphoretic property, etc., are due in part 
at least to the ionization of true chemical compounds, rather than to the in¬ 
fluence of adsorbed ions. 

5. When a soil is treated with AICI 3 a replacement of soil bases takes place. 
The H ion, formed as a result of hydrolysis, and not the A1 ion, is responsible 
for the resplacement. The trivalent bases which axe removed from an acid 
soil by extraction with a neutral salt solution are probably brought into solu¬ 
tion as a result of the solvent power of the solution, which power is materially 
increased by the H ions that are displaced from the exchange complex by the 
neutral salt. 

6. A considerable number of acid soils were found to contain subnormal 
amounts of replaceable Ca. It seems probable that this condition will prove 
to be a general characteristic of acid soils. 

7. The H-ion concentration of a soil is determined by: (a) the dissociation 
products of the exchange complex which it contains, {b) the hydrolytic products 
of the exchange compounds and various other compounds that may be present, 
and (c) the buffer property of the soil. The last-named factor is determined 
largely by the total amount and by the specific nature of the several replace¬ 
able bases present. 

8. The application of lime produces various chemical effects on acid soils. 
Among the more important are: {a) the neutralization of acids with the conse¬ 
quent introduction of Ca into the exchange complex, (6) a reduction in the 
solubility of Al, and (c) an increase in available Ca. Add soils are physio¬ 
logically defident in base; their available Ca is likely to be inadequate. 

9. An explanation is offered for the fact that the application of NaNOa tends 
to reduce the addity of soils, whereas (NH 4 ) 2 S 04 increases it. The superiority 
of CaCOs over CaSO^ as a treatment for add soils is briefly referred to. 

10. The results reported in this paper are in harmony with the condusions 
of Truog, Bradfield and several European investigators; namely, that the 
addity of mineral soils is due primarily to add silicates. 
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PART 1 

In an earlier paper (1) in which the writer reported studies bearing upon the 
mechanism of the physiological effects of nitrates in altering the ratio of top 
growth to root growth in seed plants, it was noted that certain plants showed no 
appreciable change of top-root growth ratios when the nitrate content of the 
medium in which they were growing was increased. Flax was one of the plants 
which showed very little or no response to the nitrate treatment, whereas 
certain other plants such as barley and corn showed unmistakable increments 
in the ratios as nitrates were increased. 

The writer made the following statement about the behavior of jlax in the 
aforementioned paper; 

It will be noticed that this plant makes no appreciable response, in the ratio of tops to 
roots, to increased nitrate content of the solution. In other words, it would seem that in tie 
case oifiax we are dealing with a plant of a different physiological constitution in so far as its 
ability to utilize nitrates is concerned. To what range it xmght respond, the limits of this 
experiment have not permitted investigation, but this fact presents a very interesting problem 
from the standpoint of flax nutrition. 

Further studies have been carried on with flax, to the end of throwing some 
additional light upon the behavior of this plant.^ The flax plants were grown 
in quart jars in specially devised nutrient solutions, which were described in 
the former paper. Though the preparation of these solutions may require 
somewhat more labor than the nutrient solutions which one finds given or¬ 
dinarily for physiological studies, they furnish a much better method of var 5 dng 
simple anions or cations, and at the same time they avoid the introduction of 
non-nutrient constituents. Three sets of plants were grown dmultaneously in 
solutions which differed mainly in nitrate content. The pH value of the low 
nitrate solution was 6.46; of the medium nitrate, 6.81; and of the high nitrate, 
6.46. The flax used was a seed type, variety Winona, C.l, no. 179.^ 

These studies were conducted along two lines. The first effort was concerned 
with growing the plants, noting growth characters, and with harvesting at 

* These investigations uere carried on in the Biological laboratory of Hampton Institute. 

* The flax was kindly supplied by Mr, A. C. Hillman in charge of seed flax investigations of 
the United States Department of Agriculture 
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intervals of one week, beginning in the experiments reported here, 32 days 
after the cultures were set up. Four cultures were harvested to a series, the 
tops being carefully separated from the roots and both dried to constant 
weight, at 100°C. 

Table 1 gives the result of an experiment of 45 days duration. It will be 
seen that for the 32-day period the ratios of tops to roots as shown by their 
dry weights are 3.34, 3.09 and 3.22 respectively for the low nitrate, medium 
nitrate, and high nitrate solutions; for the 39-day period the results are not 
materially changed; and the small change for the 4S-day period is not significant 


TABLE t 

Ratio of top growth to root growth in flax as nitrate concentration is increased 


SOLUTIONS 

SERIES 1-32 DAYS 

SERIBS 2-39 DAYS 

SERIES 3-4S DAYS 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 

Solution 1. Low nitrate.. 

gm. 

0.8957 


3.340 

gm. 

1.5935 

gm. 

0.5242 

3.039 

gm. 

2.5722 

gm. 

0.74SJ- 

3.43 

Solution 2. Medium ni¬ 
trate. 


0.2237 

3.092 

1.1169 

0.3682 

3.034 

2.1732 


3.89 

Solution 3. High nitrate. 



3.220^ 



3.240 

1.6464 

0.4134 

3.98 


TABLE 2 


Raiios of top groivth to root growth in barley and in com as nitrate concentration is increastd 


Barley 


Com 



28 DAYS 

35 DAYS 

42 DAYS 

49 DAYS 

Solution 1 

4.37 

4.94 

4.99 

5,33 

Solution 2 

5.13 

6.56 

7.71 

8.28 

Solution 3 

5.75 

6.84 

7.66 

9 08 


27 DAYS 

34 DAYS 

nnu 

41 DAYS 

Solution 1 

4.44 

mm 


6.41 

Solution 2 

4.87 


HHI 

9,75 


when compared with barley or com grown for the same periods, and under 
similar conditions. Figures have been given (1) which show closer ratios for 
flax than are reported here. 

Table 2 shows markedly increasing ratios with harUy and com. Several 
preliminary esperiments were carried on with jlax, all giving practically the 
same results. 

A comparative study of the figures in tables 1 and 2 shows that the smallest 
quantity of nitrate used in flax has the same effect as the largest in stimulating 
the growth of tops. It would thus seem that the use of nitrates ioi flax cul¬ 
ture, except in minimal quantities would be a waste. 
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PART 2 

It was thought that since barley and flax as types, showed such different 
behavior in the presence of increased amounts of nitrates, a chemical analysis 
for the total nitrogen content of the plants grown with the different treatments 
of nitrates would throw some light upon the relative assimilation of nitrogen 
by the two. For this purpose, therefore, a second set of experiments was made. 

The material preserved from the first set of experiments (tables 1 and 2) 


TABLE 3 

Percentages of nitrogeji in flax and barley compared when grown in mttrient solutions with 

different quantities of nitrates 



NITROGEN Dfri^ 

NITROGEN IN BARLEY 

Tops 

Roots 

Tops 

Roots 


per cent 

percetU 

percent 

per ceTtt 

Solution 1. Low nitrate 

3.36 

2.68 

2.40 



3 14 

2.64 

2.44 



3 30 





3 30 






5.32 

4.84 



Mean 3.275 

2.66 

2.42 


Solution!2.iMedium nitrate 

3.70 

3.34 

4.34 

3.80 


3.64 

3.-W 

4.30 

4.04 


3.78 





3.88 





Total 15.00 

6.74 

8.64 

7.84 


Mean 3.75 

3.37 

4.32 

3.92 

Solution 3. High nitrate 

3,92 

3.58 

4.74 

4.18 


4.38 





4 02 

3.44 

4.78 

4.24 


4.44 





Total 16.76 

7.02 

9.52 

8.42 


Mean 4.19 

3.51 

4.76 

4.21 


was now ground finely, in separate lots, and carried through the Kjeldahl proc~ 
ess for total nitrogen determinations. 

Determinations for the tops of flax were run in quadruplicates, whereas all 
others were in duplicates. 

Table 3 gives the results of these experiments. The differences among the 
percentages of nitrogen found in tops of flax grown in the three solutions are 
smaU, 3.27S per cent, 3.7S per cent, and 4.19 per cent respectively. In case 
of barley the percentage of nitrogen in tops of the low nitrate cultures—2.42 
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per cent—^was decidedly lower than for the medium—4.32 per cent—and high 
nitrate—4.76 per cent. The small difference in percentage of total nitrogen 
found in flax, paralleled the ratios of top growth to root growth in this plant, 
which shows slight and rather irregular differences. This is in contrast to the 
large difference in percentage of nitrogen found between the low and medium 
nitrate cultures of barley^ which showed, also, large differences in the ratio of 
top growth to root growth. 


DISCUSSION 

In the case of boprley and corn the increased ratio of tops to roots which re¬ 
sults from increasing the amount of nitrogen in the solution seems to be due 
to the increased use of carbohydrates in the tops, because the greater nitrogen 
supply allows for greater growth. There is no inhibiting effect of nitrates 
upon the roots, but as the tops are stimulated to use more of the photos 3 mthetic 
carbohydrates the roots decrease in number and, therefore, show relatively less 
growth; the result being a marked increase in ratio of tops to roots. The 
mechanism seems to be different with Jlaoc. These and former studies show 
that in this plant the tops are not able to profit by an increased supply of 
nitrates beyond a certain low limit. They show further that the smallest 
amount of nitrates used was as effective in bringing about a change in ratio of 
top growth to root growth as the largest which was twenty times as much. 
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INTRODUCTION 

Plants of the grass family possess two distinct root systems wliich devcl^'p 
at different periods. The primary or seminal root system develops immedi¬ 
ately upon germination and usually consists of several roots, the number of 
which depends on the species of plant. The young seedling is entirely depend¬ 
ent for its nutrition on this primary or “temporary” root system. Later, 
during the period of tillering, a second root system, known as “nodal” or 
“permanent” develops from the lower nodes of the main stem and of the tillers. 
When the grain is planted shallow, or when it germinates in the light, as for 
instance in the laboratory, both root systems are closely connected, the nodal 
roots surrounding the seminal ones, so that these latter can scarcely be noticed. 
When the grain is planted deep, the nodal roots are obviously separated from 
the seminal ones by the elongated wiry lowest intemode (wheat, barley, rye) 
or by the mesocotyl (mais, sorghum). 

The two root systems exhibit great differences in their morphological and anatomical 
structures. Detailed descriptions of the structure of both root systems may be found in the 
works of Jackson (3), Percival (8), Sleskin (16), and 0. A. Walther (18,19;. Whereas the 
primary roots arc very slender and branched throughout their length, having a thin walled 
cortex with no exodermis, the nodal roots are centrally thicker, and possess a wider central 
stele. Wide difference of opinion exists, however, concerning the functions and life acti\ity 
of the two root systems. There seems to be full agreement among the investigators in this 
field (2,4,6,7,9,10,11,13,15,21,22) that the primary root systems (in most of the plants) 
function only temporarily, and gradually die off when the nodal root systems develop. The 
question, however, is far from being settled, especially in plants like com and sor^um. 
Miller (5), ScheUenberg and Kirchner (4), and Zawodny (23) find that the single seminal root 
of com and sorghum functions in the plant during all its life. They even suggest that this 
life-long function of the primary root system distinguishes this group of crops from the rest 
of the grass family. Percival (8) adredts the possibility of the se m i n a l roots functioning 
throughout the life of the plant, as they are often found undecayed up to the time of harvest. 
Jackson (3), studying the root system of barley at different stages of development, states 
that the seminal roots form the ‘Tjulk” of the root system of this plant. Rotmistrov (12) 


^ This study was carried out in the Laboratory of Plant Ph 3 rsiology in the Leningrad 
Agricultural Institute. The writer is deeply indebted to Prof. 0. A. Walther for suggesting 
the problem and for valuable and helpful criffeisms in the course of the work. 
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has obscHTd that the primar>" roots continue to be the main part of the root system during 
the entire period of vegetation, the nodal roots developing only when conditions of moisture 
and nutrition are favorable. Finally Weaver, Jean, and Crist (20) after numerous investiga¬ 
tions on the root systems of these plants agree with Rotmistrov, that the seminal roots re¬ 
main alive and active up to the time of har\^est. 

In \iew of these contradictory opinions it appeared necessary to study the 
functions of the two root systems experimentally; more so because most of the 
investigators drew their conclusions from mere observations of the appearance 
cf roots, and not from experimental work. 

The purpose of these experiments was, therefore, to study the r61e that each 
of the two root systems plays in the nutrition of the plant. 

Two series of experiments were carried out: In the first, wheat, barley, and 
rye were grown in the culture solution with the two root systems separated, 
each being immersed in a different jar; in the second, one of the two root sys¬ 
tems was entirel}’’ removed from the plant in order to observe how the plants 
would react to the removal of either of the root systems. 

EXPERIMENTS WITH ISOLATED ROOT SYSTEMS 

Methods 

Seeds of pure line of wheat {Tr. milgare lutescens), summer and winter rye 
{Secale cereale), as well as barley for the second series of experiments (Hordeum 
V, pallidum mandschuricum^ no. 69) were obtained from the Station of Applied 
Botany and Selection in Leningrad. Seeds of bare barley were obtained from 
the Nikolaewski Experiment Station of the Leningrad Government. They 
were not of a pure line but produced very uniform seedlings. 

The seeds were sown June 1, 1923 on fiilter paper. After the roots and 
plumule had appeared, the seedlings were transferred to liter jars containing 
Knop's solution; at the appearance of the first nodal roots uniform plants were 
selected and transferred to the double jars, where every five or six days account 
was taken of the growth of the plants and of the water and salts absorbed. 
For convenience and in order to place both root systems under similar condi¬ 
tions, flat-sided jars of equal volume (850 cc.) were used. Placed close to¬ 
gether they appeared as one single jar with a double partition in the middle. 
(Plate 1, Fig. 1 to 3.) To give free access to the root system (for the newly 
developing nodal roots had to be constantly directed with forceps to the com¬ 
partment of the double jar assigned to them) the plants were inserted in corks 
slightly above the level of the partition, as shown m figure 1. The corks 
were fixed between two croosbeams supported by tin plates fastened to the 
jars and projecting 1 to 2 cm. above the level. In order to protect the jars 
from evaporation and to exclude light, paraffined cardboard covers were pro¬ 
vided and the jars were wrapped in paper. As there was no possibility of 
obtaining a suflScient supply of distilled water, the cultures were grown in tap 
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water. As the water contained much calcium, the following solution gave the 
best results: 

1.0 gm. NaXOs 0.12 gm. KCl 

0.25 gm. MgS 04 , 0.012 gm. FeCl* 

0.25 gm. KH 2 PO 4 1000 cc. tap water 

Nitric acid was added to keep the hydrogen-ion concentration at about pH 
6-5 to 6.7, and the solution was changed every 5 to 7 days. The experiments 
were carried out in a cold greenhouse. The amount of water absorbed was 
determined by adding water to a constant volume. Changes in the concentra¬ 
tion of the culture solutions were determined by the Kohlrausch method. The 
solutions were restored to their original volume before the concentration was 
determined. The Elohlrausch method allows one to obtain only approximate 
values in a solution of several salts. If the changes in dissociation caused by 
the comparatively insignificant dilution of the solution by the plant are 
neglected, it may be admitted that the amount of salts absorbed is approxi¬ 
mately proportional to the change in specific conductivity. 

Records were taken from the time of transfer to the double jars to the time 
of maturation of the main stem. The plants were harvested after 114 to 
116 days of growth. 

Experimental data 

Development of the plants. Before a survey of the root activity is entered 
upon, it should be noted that the plants tillered profusely. Simultaneously 
the nodal roots developed more abundantly than in natural field conditions. 
The plants possessed from 25 to 50 nodal roots, from 11 to 17 stalks, carrying 
7 to 12 heads, although according to the data of other authors and experiment 
stations, summer crops in field conditions 3 deld from 2 to 4 stalks with 1 to 2 
heads and possess about 16 nodal roots {Brenchley (1), Weaver (20), and Perci- 
val (8)]. On the other hand the seminal roots of the experimental plants were 
w'eakly developed, attaining only a length of 30 to 40 cm., although seminal 
roots of other species in water cultures have been observed to attain over 100 
cm. [Walther (18)], confirmation of which in soil cultures may be found in 
the literature [Weaver (20), Jackson (3), and Schulze (14)]. In surveying the 
root activity in the following experiments one must have in view this relation to 
the development of the root systenas and tillers. 

The data presented in tables 1 to 4 and in figures 1 to 4, were obtained on 
duplicate plants from each jar. In tables and curves all the data are calculated 
to the average activity of one plant in one day in the mentioned interval of 
time. Data are given, in centimeters, of the average daily increase in growth 
of the main stem and of the average summary increase of all the tillers measured 
to the tip end of the highest leaf. 

Wheat. Three pairs of plants and one singly planted seedling (four double 
jars in all) contribute data concerning the root activity of wheat, but for the 
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sake of brevity the results of only two pairs are presented, the remaining two 
pairs giving approximatdy the same results. 

Table 1 and figures 1 and 2 show that the absorption of water by the seminal 
roots rises rapidly at first, reaching its maximum at the time of stalking and 
energetic tillering, then decreases to about one-half of its ma xim u m and then 
remains constant, fluctuating only under the influence of weather conditions. 
Nodal roots gradually increase in their activity beginning with the period of 
tillering, follow the increased growth of the tillers, finally overtaking the 
seminal roots at the time of stalking when the activity of the seminal roots falls, 
reach their maximum at the period of energetic heading and flowering of the 
tillers, then gradually decrease in their activity accompanying the ripening 
and desiccation of the older leaves. 

In table 2 figures are presented of the total amount of water absorbed by 
each root system separately in three periods of development: (I) from the 
stage of 3 leaves to the stage of stalking; (II) from the time of stalking to the 
time of flowering; and (HI) from the time of flowering to the mature stage of 
the rnain stem. In the last column is calculated the part taken by the seminal 
roots in the absorption of water, expressed in per cents of the total amount of 
water absorbed in the given period. 

This table clearly demonstrates that even in the last period of development 
of wheat the work of the seminal roots does not fall below 17 to 28 per cent. 
Taking into consideration that the plants possessed from 11 to 17 stalks and 7 
to 13 heads, we may calculate that the seminal roots for their part supplied 
2 or 3 stalks. Under natural field conditions tillering is far weaker, fewer 
nodal roots being formed, and the less the tillering and root formation the 
greater is the relative part played by the seminal roots in the nutrition of the 
plant, as indicated in table 3. 

Absorption of salts by the seminal roots continues throughout the vegetation 
period of wheat and reaches its Tnarimnm near the time of stalking and heading 
when the main stem attains its maximum increase in growth. The salt absorp¬ 
tion by the nodal roots reaches its maximum near the time of the maximum 
increase in growth of the tillers. Such a coincidence in maximum of growth 
and of absorption seems to indicate that the seminal roots serve principally the 
mam stem, whereas the nodal roots work for the benefit of the tillers. A 
second rise in the curve of salt absorption by seminal roots of wheat as well as 
of barley may be explained either by inaeased requirements of nutrients during 
flowering of the main stalk, or more probably, by the growth of ‘‘parasite’^ 
tillers, which developed on higher nodes of the main stalk. As the nodal roots 
of these tillers could not reach the water, they had to draw their nutrients 
through the main stem and thereby stimulated the activity of the seminal roots. 

That the nodal roots absorbed a more dilute solution than the seminal 
ones, is shown in columns 11 and 12, table 1. 

Barley gave a similar picture of root activity (table 4 and fig, 3 and 4) with 
the only difference that the seminal roots did not reveal a decrease in water 



TABUS 1 

Water and salt absorpti<mj growth and development of wheat no. 
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absorption after stalking of the main stem. On the whole the seminal roots of 
barley are slightly more active than those of wheat and play a greater part in 
the provision of water, suppl 3 nng from 29 to 31 per cent of the total amount 
of water absorbed by the plant. This may probably be explained by the 
healthier growth of barley in its first stages of development when the seminal 
root system is formed. The wheat at that time was weaker and suffered from 
chlorosis. 

It is interesting to compare the absorption of water by the different root 

Anrcs* 

Absorption of wstsr (in ee,) by 
Absorption of salts (ta asa.) by 
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Fig. 1, Water and Salt Absorption, and Growth of Wheat No. 5 


Avarai;* daily 

Absorption of wsUr (in cc.) by ! 

Absorption of salts (in nsv.) by 



Fig. 2. Water and Salt Absorption, and Growth of Wheat No. 6 


systems of wheat and barley calculated in relation to 1 gm. of dry weight of 
the roots. Very often in determinations of root activity in different soil 
layers, the dry weight of the roots found in these layers serves as a measure. 
Table S shows that the seminal roots in the third period of growth absorb 
almost double the amount of water absorbed by the nodal roots per unit of 
dry weight. 

From the results of this series of experiments one can conclude that in water 
cultures the investigated species of wheat and barley with a comparatively 
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weak seminal root system and profuse tillering accompanied by the formation 
of a rich nodal root system, maintain the vitaUty and acHvity of the seminal roots 
up to the time of harvest. These roots continue to function in the last periods 
of vegetation, supplying, m the conditions mentioned above, 20 to 25 per cent 
of the water and salts necessary for the plant. 


TABLE 2 

Toid amouTtt of water absorbed by each root system of wheat separately in three periods 

of development 


PXRIODS 

NUMBERS* 

NUMBER 6* 

Absorption of 
water. 

Activ¬ 
ity of 
seminal 
roots 

Absorption of 
water 

Activ¬ 
ity of 
seminal 
roots 

Semi* 
nal 
* roots 

Nodal 

roots 

Semi¬ 

nal 

roots 

Nodal 

roots 



ce. 

percent 



percent 

I. June 23 to July 18. 


324.1 

68 

742.8 

506.9 

59 

II, July 18 to August 3. 

BE 

431.3 

39 

308.7 

879.4 

26 

in. August 3 to September 21. 

888.2 

2287.6 

28 

878.0 

4087.8 

17 

Total. 

1853.0 

3043.0 

38 

1929.5 

S474.1 

26 


NUMBER 9* 

NUMBER lot 


August 26 to September 21 

August 10 to September 21 


ec. 

cc. 

percent 

cc. 

CC. 

per cent 

From heading to maturation. 

1103 

3321 

25 

643 

1660 

28 


* Two plants, 
t One plant. 


TABLE 3 

Relative activity of seminal roots of wheat with diferent numbers (f tillers and nodal roots 


NUMBER OE JARS 

NUMBER OF tmXERS 

NUMBER OF NODAL 
ROOTS 

NXniBBR OF BEADS 

ACnVXXY OF 
SEMINAL ROOTS 

5 

11.5 

23 

7.0 

percent 

28 

10 

17.0 

,, 

8.0 

24 

9 

14.0 

18 

10,0 

23 

6 

14.5 

48 

12.5 

18 


The correlation between root activity and increase in growth of the main 
stem and tillers leads to the supposition that the seminal roots nourish princi¬ 
pally the main stem, whereas the nodal roots work more for the tillers. 

Experiments with summer rye were not completed because of the unexpected 
affection of rye by chlorosis at the period of flowering. The first half of these 
experiments, however, demonstrates the vitality of the seminal roots at least 
to the time of flowering. This summer rye resembled most summer field crops 
in that it had one or two tillers and five to ten nodal roots. As may be seen 
in table 6 their seminal roots performed over half of the work. 
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EXPERIMENTS WITH THE REMOVAL OF ONE OF THE ROOT SYSTEMS 

Methods 

When the results of the first series of experiments are studied t]ie objection 
might arise that because the seminal roots are active in water, this does not 
mean that they remain active in the soil where they may be unable to surmount 
less favourable conditions. Although the activity of seminal roots under soil 
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conditions cannot be proved directly with the aid of water cultures, never¬ 
theless indirectly their necessity may be demonstrated after the formation of 
the nodal root system. If at the time mentioned, the seminal root system be 
removed and this removal should perceptibly affect the plant or some part of 
it that develops normally in natur^ conditions, it may be concluded: first that 
these roots are necessary for the normal development of the plant; and secondly, 
that certain of the organs are more dependent on the given root system. It also 
seemed of interest to study the vitality and energy of both root systems; that 


TABLE 5 

Absorption of water by seminal and nodal root systems of wheat and barley in relation to dry 

weight of roots 


PLANT AND NUMBER OP JAR 

1 DRY WEXGSCT OP ROOTS 

AVERAGE DAILY ABSORPTION 
OP ROOTS 

PER GRAM OP DRY WSZGBT 

Seminal 

Nodal 

Seminal 

Nodal 


gm. 

gm. 

cc. 

ec. 

Wheat number 5. 

0.169 

0.709 

107 

65 

Wheat number 6. 

0.136 

0.947 

131 

88 

Barley number 8. 

0.135 

0.650 

326 

173 


TABLE 6 

Activity of seminal roots in summer rye 


PERIODS 


NUMBER 1* 

NUMBER 2 

• 

Water absorbed | 

Activ- 

xty^of 

amninal 

Water absorbed 

Activ¬ 
ity of 
seminal 
roots 

Semi* 

nal 

roots 

Nodal 

roots 

Semi¬ 

nal 

roots 

Nodal 

roots 

roots 





percent 

■■ 





90.6 

42.3 

68 

48.7 

11.3 




426.31 

358.3 

54 

682.7 

327.8 



* Two plants. 


Is, how far they can substitute each other and whether the crop plant can ac¬ 
complish its development with seminal roots only. 

In this series 28 barley seedlings were transferred to 750-cc. bottles. Of 
these plants 7 served as controls (series I). From 6 of these plants the newly 
developing nodal roots were constantly removed (series II). From 5 other 
plants the seminal roots were removed after the beginning of stalking, when 
they possessed a developed nodal root system consisting of 10 to 17 roots and 
when their activity was overtaking that of the seminal ones, judging by the 
cultures with isolated root systems (series III). Recording methods were the 
same as in the preceding series of experiments. 

Experimental data 

Development and root activity of series /, II, and III: The main stem of the 
barley plants of series II developed normally as in the controls, ripening even 
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sKghtly sooner, but tillering very soon ceased, and only two or three tillers 
developed showing slight affection by chlorosis. In series III, where the 
seminal roots were removed, on the contrary, the rn ai n stem was affected 
most—^it suffered from chlorosis and fell back in growth from the tillers. 
Though in each series the tillers were taller than the main stem, this difference 
between the main stem and the tallest tiller in the second series, averaged only 
1.4 cm., 18 cm. in the controls, and 28 cm. in series HI, The absence of nodal 
roots affected the quantity more than the quality of tillers. The absence of 
seminal roots affected the quality of the main stem, notwithstanding the 
vigorous development of the tillers. This fact again confirms the supposition 
that the seminal roots are necessary for the development of the main stem, 
whereas the nodal roots nourish the tillers. It is also interesting to note, that 
whereas the removal of the nodal roots hastened the process of ripening, the 
absence of the seminal roots retarded it. 

The readings of salt absorption show that whereas in series 11 a ma^nmum 
of salt absorption is reached at the time of stalking of the main stem, in series 
m this maximum is retarded to the time of stalking of the tillers. (Table 7.) 

Concerning water absorption—the roots of series HI did not eventually 
overtake the controls—the seminal roots of the controls seemed to supply 
an additional quantity of water up to the time of ripening. (Table 7.) 

To a certain extent both root systems seemed to accommodate themselves 
to the new conditions, for their summary activity exceeded the activity of the 
controls. On the whole one may assert that both root systems are not capable 
of entirely replacing each other; for the harmonious development of summer 
crops both root systems are necessary. 

Data of the yield. The total yields of plants in the different series were 
obtained in the order anticipated: series I yielded the largest total green or 
dry weight, then followed series III, and last series 11. The relative devdop- 
ment of different parts of the plant in connection with the presence of one or 
the other root system presented greater interest, for it proved that both sys¬ 
tems are necessary to the plant in its last stages of growth. 

Measurements of the size of the head and of the dry weight of the head or 
grain of the main stem (table 8) are higher in the series possessing seminal 
roots, and even greater in the second series, possessing seminal roots only, 
than in the first control series having both root systems. This may probably 
be explained by the phenomenon that the absence of the nodal roots stimulated 
the devdopment of the seminal ones (table 9), which nourish the main stem. 

The removal of seminal roots not only checked the growth of the main stem, 
but affected also the succeeding stages of the head and grain devdopment as 
is shown in table 9. All this seems to prove that the seminal roots are neces¬ 
sary for the devdopment of the main stem, and hence are active in the 
soiL 

Table 9 shows that the removal of the nodal roots reduces the wdght of the 
stems, whereas the yidd of the ripe grain is decreased but dightly. On the 
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Other hand, the removal of the seminal roots affects largely the 3deld of the 
ripe grain. In connection with the retarding influence of the absence of 
seminal roots upon the process of ripening, and the vigorous tillering, caused 
by the vigorous nodal root system, series m possesses a fair supply of unripe 
grain. 


TABLE 8 

Yield of hps, dry weigM, and length of head of the main stem, and dry weight of tillers 


^Average for each plant) 


MUVBFR 

u? si:ri£S 

MAIN STEM 

TILLERS 

Dry weight 

Length 

(^head 

Dry weight 

Straw 

Heads. 

Grain 

Straw 

Heads 

Mature 

grain 

Green 

grain 


gm. 

gm" 

gtn. 

cm. 

gm. 

gm. 

gm. 

gm. 

I 

0 886 

1.466 

mSm 

8.07 

7.88 

6.659 

2.43 

2.333 

TI 

0.894 

1.585 


7.66 

1.94 

2.704 

1.19 

0.915 

III 

0.813 

1.024 

0.812 

7.20 

6.04 

4.635 

0.30 

2.790 

rv 

0.915 

1.543 

1.280 1 

8.00 

1.S8 

2.068 

0.91 

0.993 


TABLE 9 

Yield of roots attd absorption of water, during the last month, per gram of dry roots 
(Average calculated to 1 plant, in cubic centimeters) 


NUMBER 
or SERIES 

NUMBER 

LENGTH 

i 

DRV WEIGHT 

BAILT WATER 
ABSORPTION PER GRAM 
or DRY ROOTS 


Seminal 

roots 

Nodal roots 

Seminal 

roots 

Nodal roots 

Seminal 

roots 

Nodal 

roots 

Seminal 

roots 

Nodal 

roots 

1 

8.1 

37.6 

cm. 

30.5 

cm. 

28.6 

gm. 

0.101 

gm. 

o.m* 

152 

II 

8.8 


40.8 


0.146 


137 

.. 

TIT 

«.. 

41.8 

.... 

29.0 


0.690 

.. • 

76 

rvt 

8.6 

.... 

41.2 

.... 

0.110 


150 



* Some of the roots were badly tom and lost in the process of disentan^ng the seminal 
and nodal roots. This may partly explain the high figure of absorption per unit of dry wci^t 
in series I. 

t Series TV, not mentioned in the text, consisted of only 3 plants, the nodal roots of which 
were not cut from the begiiming of their development, but all simultaneously, 2 days after the 
removal of the seminal roots in series III. They thus had less time to adapt the development 
of their seminal root system, which is obvious from the data concerning their weight and the 
weight of the tillers as compared with series H. ^ 

As in the e3q)eriments with isolated root systems, the seminal roots absorb 
more water per unit of dry weight, than do the nodal ones (table 8). The 
latter may be of practical interest in solving the question: From what layers do 
the crop plants absorb water and minerals? Not only must the relative weight 
of roots at different depths be known, but also the energy of absorption per 
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unit of tliift dry weight. Most of the authors indicate that the main part of 
roots of grassy crop plants is distributed to the depth of 25 to 30 cm. Judging, 
however, by the illustrations of Schulze (13), Rotmistrov (12), and Weaver, 
Jean and Crist (20), the seminal roots grow more or less vertically into the 
depths of the soil; their weight is insignificant, but when their greater activity 
per unit of dry weight is taken into consideration® absorption from the 
deeper soil layers will prove greater than is generally accepted, and no 
doubt the seminal roots play a greater r61e in plant nutrition than as yet has 
been assigned to them. This may be the case particularly in conditions where 
the crops develop not more than one or two tillers and in consequence few 
nodal roots. 

The aim of this work was to investigate whether the seminal roots continue 
to function after the formation of the nodal root system and, further, to 
examine the r61e of the former in the supplying of water and nutrients and how 
far they may guarantee the crop in the case of inhibition of nodal root forma¬ 
tion. Insofar as concerns barley, wheat, and rye in water cultures, the an¬ 
swer is positive. 

Eaperiments of Wiggans (21), Walworth and Smith (17), and Sieglinger (IS) 
have shown that not only different kinds, but also different varieties of the 
same crop plants do not possess the same number of seminal roots. Observa¬ 
tions of wheat in water cultures (19) have also diown that seminal roots may 
attain lengths from 40 to 110 cm. Obviously in the case of the appearance of 
conditions unfavorable for the development of nodal roots, the advantages 
will be on the side of the varieties possessing a more vigorous seminal root 
system. Before drawing any conclusions, however, it is essential to verify 
the activity of seminal roots in soil cultures. 

The above mentioned experiments were carried out in the summer of 1923. 
In the summer of 1924 the second series of experiments was repeated, with 
modifications, in soil cultures with summer barley. The results more or less 
confirm those obtained in water cultures, but as the data have not been com¬ 
piled, more detailed results of the soil experiments will form the subject of 
another paper. 


SUMMARY 

1. Experiments were carried out with summer wheat, barley, and rye in 
water cultures with isolated nutrition of seminal and nodal roots. 

2. Records of water and salt absorption have shown that the seminal roots 
are active up to the time of harvest and supply two or three stems of the 
plant with nutrients. 

3. The correlation between the time of maximum activity of the seminal 

* Probably the same activity may be assigned to the ends of the nodal roots in the greater 
depths where they acquire the slenderness of seminal roots, whereas the upper part of the 
nodal roots forming the heavy bulk does not take part in the absorption. 
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roots and the maxinnmi growth of the main stem as well as between the time 
of the maximum activity of the nodal roots and the ma.TiTrmm growth of the 
tillers seems to prove that the seminal roots supply principally the main stem; 
the nodal roots, the tillers. 

4. The decrease in activity (amount of water absorbed) caused by the re¬ 
moval of either the nodal or the seminal root system is never entirely com¬ 
pleted during the whole vegetative period by the remaining root systems. 

5. The removal of the seminal roots in the period of stalking suppresses the 
development of the main stem and lengthens the period of vegetation: this 
evokes the supposition that the seminal roots are indispensable for the normal 
development of the crop plant and are consequently active in the soil. 

6. The removal of the nodal roots checks tillering, hastensmaturing, does not 
affect the quality of the grain of the main stem, nor even that of the first tiller. 

7. These last two points confirm the conclusion drawn from the first series 
of experiments that the seminal roots serve the main stem, whereas the nodal 
roots serve the tillers, 

8. Whereas the removal of the seminal roots decreases the yield of grain, the 
removal of the nodal roots decreases principally the 3deld of straw. 

9. The removal of the nodal roots stimulates the growth and activity of the 
seminal roots. 

10. The seminal roots absorb almost double the amount of water per unit 
of dry weight in comparison to the nodal roots.® 
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Plate 1 

Figs. 1, 2,3. Diagram op Jars Used in Root Sioties 
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PLATE 2 

(Pliotoj'raphed August 15, at time of llowering) 

Left, e\perijiients with i^olatoA root systems. From left to right: Wlicut Xo. 0; Barley 
No. 8; and winter n'e mot mentioned in the text). 

Right, experiments 'with the removal of one of the rout system-^. The main stalk ia 
marked **M.” From left to right: Series III—seminal roots removed; series II—noilal n)otb 
removed; series 1—control. 

(Note character of root s>'stem and relative amount of water abaorption for the same 
period of time.) 
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PART I—HISTORICAL^ 

Starting out to study the assimilation of various phosphates in sand cultures 
(1896) the senior author encountered a condition in whi A the nutrient solution 
of Hdlriegel and Knop did not prove satisfactory. Occasionally some plants 
capable of efficient assimilation of phosphates (buckwheat, lupines) developed 
rather poorly on the culture solution of Hellriegel. Thegrowthwaspoorer than 
with a nutrient solution in which a combination of phosphate and some neutral 
salt of potassium (KCl, K2SO4) was substituted for the potassium add 
phosphate. 

Two conditions might have been responsible for the observed phenomenon: 

1. The acid reaction of the medium (pH 3.6 to 3.7) may not be tolerated equally by all 
plants. 2. During the growth period a neutralization of the solution and an accumulation 
of the titrable alkalinity take place. 

The CaNOs as the chief constituent of the solution is imequally utilized; the 
NOs is assimilated faster; the excess of Ca remains behind as Ca(HC08)2. 
This brings about a low assimilation of iron and phosphorus.® 

The chief interest was then to see whether plants are capable of assimilating 
insoluble phosphates; for that reason the alkalinity of the solution of Hellriegd 
appeared to mark the ability of some plants to utilize the phosphorus from 
phosphates.'* This stimulated interest in finding a nutrient solution which 
shoxild not tend to become alkaline but which should retain its original neutral 
reaction. 

As NH4CI and (NH4)2S04 salts are known to be physiologically add and 
therefore imsuitable as nitrogen sources for water and sand cultures it was 
natural to look for a different nitrogen source. In 1900, in experiments insti- 

1 Trandated from the Russian manuscript by J. S. Joffe, New Jersey Agricultural Experi¬ 
ment Station. 

* For the historical portion of the x>aper the senior author only is responsible. 

* For tin’s reason an addition of add (HCl) at some time of the e^eriment improves the 
growth of the plant in the Hellriegel solution. 

^ In the presence of Ca(N08)s only a few plants like lupines, buckwheat, peas, and mus¬ 
tard possess this ability; the majority, however, have not shown it. 
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tuted to test such a autrient® the following various proportions of NOs and NH 4 
were introduced: Two series of experiments were run: 

in one series the source of phosphorus was CajHaCPO^)*; in the other an excess 
of alkali was used to depress the possible physiological acidity of the 
Ca«Hs(P04)2. 

Table 1 gives the plan and the results of the experiments. 

In the series with Ca 2 H 2 (P 04 ) 4 , the absolute quantities of PaOs (in the order 
of nitrogen sources as shown in table 1) in the crop were as follows: 155,153, 
254,244, and 77 mgm. 

These experiments have shown that the introduction of equal amounts of 
NOs and NH4 [in the form of NH4NO8 or (NH 4 ) 2 S 04 and NaNOs] does not 
create a physiologically neutral medium; but one which has a tendency to 
become add. Under such conditions the phosphoric acid of the phosphates 
becomes available to the grain crops, which are not capable of utilizing it in the 
presence of nitrates. 

TABLE 1 

PUm and resnUs of nitrogen nutrient tests 



SOURCE or nuroobn 

1 


d 

i 

I 

it 

1 

Yidd of oat tops mgm . 

6,90 

22.0 


18.90 

19.20 

1.60 

PjO# in crop per cent . 

0.09 

0.3 

0.57 


0.92 

1.46 

Total PjOs mgm . 

6.20 

66.0 

116.80 

105.40 

176.60 

24.10* 


* A photograph of the cultures may be found in the book of the senior author: ‘^Unge- 
lehre,*’ Paul Parey, Berlin, 1922; also in Land. Ver. Sta. 56,1902. 


In 1901, in experiments (20) conducted with the purpose of testing 
various sources of nitrogen and phosphorus, the combination NH^NOj and 
Ca 2 H 2 (P 04)2 proved to be the best; a litmus test of the sand of the 
NH 4 NOa—Ca 2 Ha(P 04)2 series after the crop was harvested showed a tendency 
to maintain a neutral reaction. 

On the basis of the aforementioned experiments, the senior author suggested 
as an appropriate medium for sand cultures the use of Ca 2 H 2 (P 04 ) 2 —NHiNO* 
in place of the combination of Ca(N 03 ) 2 —KH 2 PO 4 , used in the Hellriegel me¬ 
dium. The addition of gypsum compensated for the lack of Ca. In this me¬ 
dium the slight (as was Aen thought by the author) physiological acidity of 
the NH 4 NOS produced by the formation of small amounts of HNOs was 
supposed to be balanced by the buffer action of the CaJEl 2 (P 04 ) 2 .® 

® In all cases, unless otherwise stated, sand cultures were used. The sand was washed with 
strong HCL 

■ In the beginning it was thought that the slight tendency toward acidity and decomposi- 
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The composition of the medium per kilogram of sand was, therefore, as 
follows; NH^NOs—0.24 gm., Ca2H2(P04)y-^.172 gm., KCl—O.IS gm., 
MgSO^—0.6 gm., Fe 2 Cl«—0.025 gm., CaS 04 * 21120 —0.344 gm. The medium 
is identical with that of Hellriegel in the amounts of the various elements 
except sulfur, which was in excess because of the addition of gypsum. 

The new medium was known in the laboratory as the neutral medium or 
“Prianishnikov medium.’’ 

In later years, this medium was used very extensively parallel with the 
Hellriegel medium. The experiments conducted concerned the problem of 
the assimilation of the various sources of phosphorus and potassium in sand 


TABLE 2 

The yield of oats^ sunflower, and buckwheat on Priontshnikov and Edlriegd media 


EXPEKDfEMT 

mu) ON 

HEILRISGEL MZDIDU 

VIELOON 

ntlANlSHNIXOV MEDIXni 



gm. 

gm. 


1. 

25.8 

29.3 

On oats^ 

2. 

22.3 

22.6 


3 . 

30.4 

31.2 

On sunflower. 

14.2 

23.0 

On buckwheat. 

23.3 

17.2 


TABLE 3 


Analyses of plants in vanous media 


MEDIUU 

YIELD 

N 

XsO 

PaO. 

CaO 

SOi 

Hellriegel. 

gm, 

21,46 

21.73 

21.33 

mgm. 

413 

402 

357 

mgm, 

644 

715 

510 

mgm, 

99 

91 

73 

mgm, 

212 

113 

235 

mgm. 

120 

200 

184 

Prianishnikov.. 

Crone. 



cultures. The data in table 2 are just a few typical experiments conducted 
in 1904; they show a similarity in yield on the author’s and on Hellriegel’s 
(22) media. 

don of phosphates was due to nitrification, although the esqperiments were conducted in sand 
washed with HCl; experiments in sterilized cultures (20) repeated by Kossovitz (15) and 
Shulov (25) showed the same phenomenon. Later, following the author’s suggestion, 
Shulov conducted experiments with the view of clearing up the r61e of plants in the process 
of decomposing the phosphates with NHiNOs; the method used was a division of the roots in 
various media. It was shown that the separation of the alkaline Ca(N08)s preventing its 
reacting with the phosphates does not change the relation of the grain crops to the phos¬ 
phates; only the introduction of NEUNOj calls forth the solubilization of phosphates under 
the influence of the roots of grains. Thus there was no other explanation for the observed 
phenomenon than to attribute it to the producing a physiologically add reaction. 

For a more detailed account the reader is referred to the Russian paper of Shulov (25), also 
the author’s German paper (21, p. 47). 
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The irregularity of the results in experiments with various plants indicated 
the necessity of a closer study of the problem, but due to the pressure of other 
work it was postponed and no new experiments were conducted until the years 
1911 to 1916. 

In general these experiments corroborated the results for the sand cultures, 
but for the solution cultures the use of the new medium showed some limita¬ 
tions. 

Just a few of the experiments with sand cultures will be reported. 

In 1912 the experiments of Shulov (26) under sterile conditions showed that 
the young plants of corn and peas were assimilating more ammonia nitrogen 
than nitrate nitrogen from NH4NO3; thus it was proved that the NH4N03 is a 
physiologically acid salt. 


TABLE 4 

Crop yields in various media 



paiANISH- 

NIKOV 

MEDIUM 

HBLI&IEGEL 

MEDIUM 

CRONS 

MEDIUM 

ALKALINE* 

MEDIUM 

Alkalinity after harvesting the second crop, 0.1 N 

fl-llraH. 


m 

m 

2.15 

12.70 

The yield of the third planting gm . 


* Under alkaline we understand a change of the Hellriegel medium whereby one-half 
of the nitrate of calcium has been replaced with nitrate of potassium. The titration was 
conducted with methyl orange. 


TABLE 5 


Efect on plants of introducing mono-cdcium phosphate into Prianishnikov medium 



YIELD 07 MILLET 

YIELD 07 7LAX 

YIELD 07 
GARDEN CRESS 


gm. 

gm. 

gm. 

Di-caldum phosphate. 

32.9 

15.0 

13.9 

Mono-calcium phosphate. 

5.09 

4.5 

Plant died 


In 1914 Stolgane (30) studied the intake of nutrient substances from the 
media of Hdhdegel, Prianishnikov, and Crone (3). The plants were analysed 
at four stages of their growth. The results are given in table 3. 

These data show than in the first two media the conditions for the assimila¬ 
tion of nitrogen, phosphorus, and potassium are similar; for it was observed 
that the Crone medium hindered assimilation of phosphorus although without 
effect on the yield. 

In connection with the work of Whitney and Cameron (33) in regard to the 
drop of }ddd in continuous culture, the effect of the kind of medium on the 
behavior of plants was studied in sand cultures. The titratible alkalinity of 
the media after the harvest of each crop, was determined and the yield of the 
continuous plantings was found to be lower as the alkalinity increased. This 
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alkalinity remained from the previous plantings and therefore the continuous 
plantings gave better yields on the medium proposed by the author than on 
other media; as an example we shall take the figures of the titration of an ex¬ 
tract from a sand culture after the second crop was harvested and the yield 
of the third crop of lupines.^ 

As one may see from the figures, the yield of each succeeding crop is decreased 
as the medium becomes more alkaline on account of the growth of the plants. 

In comparing the relation of the various plants and media, we did not limi t 
ourselves to the aforementioned media in their original form. Experiments 
were conducted for each of IS media in order to dear up the reasons for the 
success of one and the failure of the other in their applications to various plants. 
This brought about a rather complicated series of experiments (12). 

As one would expect, two components; namely, the source of nitrogen and 
the source of phosphorus, are the outstanding features in a 3-salt medium. In 


TABLE 6 

Effect on plant growth of introducing vaHous phosphates into the Eellriegd medium 



OATS 

WBEAT 

MIIIET 


gm. 

gm. 

gm. 

Primary phosphate. 

13.7 

9.2 

16.1 

Secondary phosphate. 

6.1 

4.8 

.... 

Tertiary phosphate. 

6.7 

5.4 

5.8 


TABLE 7 

Relation of grain to straw with vaHous media 


HEDimC 

SOIT WHEAT 

HARO WBEAT 

BARLEY 

OATS 

HeUriegel. 

0.28 

— 

mmm 

0.42 

Prianishnikov..... 

0.77 

— 


0.54 

Crone.. 

0.6S 


0.38 




the HeUriegel medium the two components are Ca(N 08)2 and KH 2 PO 4 ; in 
the Prianishnikov medium—^NH^NOs and Ca 2 H 2 (P 04 ) 2 ; in the Crone medium— 
KNO 3 and Fes(P 04 ) 2 .® If the mono-calcium phosphate instead of the di- 
caldum phosphate is introduced into the Prianishnikov medium the plants 
suffer from an acid reaction as shown in table S. 

The introduction of Ca 8 (P 04)2 is favorable to growth in the presence of 
NH 4 NOS. On the other hand the introduction of secondary and tertiary 
phosphate in place of the primary phosphate in the HeUriegel medium hampers 
the conditions for growth. 

^ Each plan ting was aUowed to develop for one month; the plants were then removed and 
another planting with the addition of another portion of salts was made without washing the 
sand. 

B Besides this the Crone medium contains also Ca8(P04)8. 
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The same results may be inferred from the Crone medium with its KNOs, 
Fe 8 (P 04)2 constituents. Although Crone does not propose these constituents, 
the author’s experiments with the introduction of the ammonium nitrate show 
that it influences unfavorably the assimilation of P 2 O 6 from iron phosphate, 
since it creates a weakly acid reaction, whereas KNOs brings about a weakly 
alkaline reaction, and thus favors the assimilation of P 2 O 6 from the iron phos¬ 
phate.® 

The solution of the problem as to which of the media is the best was compli¬ 
cated, since the various plants behave differently with the changes in the 
reaction of the medium and are different in their requirements of the nutrient 
substances and of their assimilation, and therefore are incomparable in the 
various media; and besides the order of behavior of the various plants toward 
this or the other medium differed with the various years.^® 

Without entering at this time into an analysis of the complexity of the re¬ 
sults, a few variations noticed in the plants may be cited. These variations 
may be divided into the following groups: 

First: For certain plants a neutral medium seems to be better than the medium of Hell- 
riegel and Crone; this is regularly observed in cases of garden cress, in the majority of cases 
with flax, and occasionally for poppy seed and buckwheat 

Second: In a series of cases this medium from the standpoint of yield was very close to that 
of the Hellriegel medium, but either one was bwer than the medium of Crone (wheat, oats, 
barley, com, turnips, sugar beets, potatoes, buckwheat). The relation of grain to straw was 
infrequently more normal with this medium than with the other media; for instance in 1914 
the differences shown in table 7 were noticed (12). 

Third: The neutral medium appeared to be worse than the Hellriegel and the Crone 
media for peas and lupines, and partially so for sunflower; for buckwheat great variations were 
noticed beginning with the first and ending with the third group. 


* In the experiments with iron phosphate the following results (2) may be cited. 



YIELD OF BARXEY 

AMOUNT OF PsOs 

IN CROP 


gm. 

mgm. 

FeP04 + NH4N03 . 


41.3 

PeP04 + CaCOs. 


63.7 


Introduction of CaCOj with Ca 8 (P 04 )s brings about a depression. 

“ One of the experiences with this phenomenon may be found in the following condition: If 
the water is introduced from the bottom, as it is in this laboratory, the soluble salts may accumu¬ 
late in the surface layer, if evaporation from the surface of the vessel is increased; the insoluble 
portion of the medium remains uniformly distributed throughout the vessd; it is thus possible 
that for a short period the add reaction caused by the onedded utilization of the ammonium 
nitrate is not balanced throughout the various layers in the vessd. Although water is applied 
periodically to the surface of the cultures, there is still the possibility that a physiological 
acidity should appear more pronounced in the surface of the vessel than in the lower portion. 
Since the movement of the salts toward the surface depends upon the components of the sand, 
upon the size of particles, upon the method of watering, and upon weather conditions, it is 
possible that this is the cause of the irregularity that occurred during the various years. 
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Since in those years the method of determining the hydrogen-ion concentra¬ 
tion was not practiced, an analysis of the results was somewhat difiBicult; in 
1917 the war conditions caused a break in the work. Only in recent years was 
there a chance to return to the study of the relation of the plants and the com¬ 
ponents of the media, with the possibility of determining the changes in the 
hydrogen-ion concentration under the influence of the plants. This part of 
the work, which presented a dear picture of the relation of the plants to 
NH4NO3, is given in the latter part of this paper. 

An opinion was expressed (10) thatthemediumproposedbytheauthorshould 
be applicable also to solution cultures. However, experiments have shown that 
under such conditions the medium has a tendency to become more acid, as 
in the case of the sand cultures, and for that reason the yields at their best are 


TABLE 8 

Reactions of Hdlriegel and Prianisknikov media with barley and buckwheat 


ICEDIUHf 

BA£L£Y 

BUCSWSEAX 


cc* 

CC. 

Hellriegel. 

4-2.5 

4*0.5 

Prianislmikov. 

-0.6 

-1.2 


* cc. 0.1 JV alkali per 100 cc. of solution; + indicates an inctease of alkalinity; — an in¬ 
crease of acidity; the titration was conducted with methyl orange. 


lABLE 9 

Behavior of barley and flax in various media studied in sand and sohUion cultures 


ucDiaii; 

BARLEY 

7LAX 

Sand cultures 

Solution cultures 

Solution cultures 


Sfn. 

gm. 

tm. 

Hellriegel. 

11.7 


12.8 

Prianishnikov. 

11.3 


4.5 

Crone. 

11.4 

■B 

12.5 


only equal to those which are obtained with the Hellriegel medium—at times 
even worse. The author was forced to the conclusion that in its original com¬ 
position the medium proposed for sand cultures may not be recommended for 
solution cultures. That the movement toward acidity is responsible for this 
may be proved by the fact that a replacement of the di-caldum phosphate with 
the mono-caldum phosphate has a still worse influence on the plants; and 
besides an anal 3 rsis of the solution after the experiment, showed a noticeable ti- 
tratable addity in those cases where the plants showed injury. Thus in the 
experiments of Arnold (1), the shifting of the reaction as compared with the 
original was measured as indicated in table 8. 
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It is interesting to note that in this experiment the buckwheat on the 
Prianishnikov medium shows symptoms of inj ury. The 3 delds in this experiment 
did not vary sharply (11.4 and 11.1 gm. for the barley; 7.75 and 6.25 gm. for 
buckwheat); in the experiments of 1913 conducted by Stolgane (30) the results 
for the water cultures were unfavorable, also from the standpoint of 3 deld. 

As far as the differences in behavior of the media studied in sand and in 
solution cultures are concerned the following may be suggested: 

First: The distance separating the precipitated phosphate in the ammonium nitrate cul¬ 
tures has its influence; it is possible that at a slow rateof diffusion the root hairs may accumu¬ 
late around themselves an injurious degree of acidity, which in this case was eliminated only 
once in 24 hours by stirring.ii Later experiments have shown that mature plants are capable 
of changing the reaction within 2 hours, and that the reactions of ammonium nitrate solutions 
approach those of ammonium chloride solutions. 

Second: The question was raised whether in the case of the sand cultures adsorption 
influences in one way or another the composition of the medium, making it more favorable 


TABLE 10 

Results of experiments conducted during 1916* 


HEDZUMt 

YIELD or BAELEY 

YIELD OE OATS 

YIELD or RYE 

■Without 

charcoal 

With 

charcoal 

Without 

charcoal 

With 

charcoal 

V^thout 

charcoal 

With 

charcoal 


gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

Hellriegel. 

17.1 

.... 

16.4 

31.8 

.... 

.... 

Prianishnikov. 

22.0 

32.7 

• •. • 

.... 

13.0 

18.8 

Add. 

16.6 

33.5 

6.5 

25.7 

14.4 

59.0 

Alkaline. 

16.5 

29.5 

12.2 

25.9 

8.3 

17.5 


* Jakushkin, I. V. On the influence of findy ground charcoal on the yidd with different 
nutrient media in sand cultures. (Experiments conducted in the laboratory of Prianishnikov 
in 1916. Not published.) 

t Under the acid medium we understand the HeUriegd medium replacing Ca(N08)2 with 
NEUNOa, and alkaline medium—the medium of Hellriegel replacing a half of the Ca(N08)a 
with KNOj. 

for the plants, or whether it influences the shifting of the reaction from the neutral point. 
The latter assumption was confirmed by the fact that finely granulated charcoal introduced 
into the medium obliterated the shifting of the reaction. 

Thus charcoal is capable of eliminating the injurious influence of the reac¬ 
tion’s shifting either towards acidity or alkalinity: this is in accordance with 
the data concerning the ability of charcoal to absorb energetically the H and 
OH ions as pointed out by Michaelis (16). For the sand, however, no such 

u That the formation of a precipitate on the bottom of a vessel may be a factor in hindering 
the devdopment of the plants may be deduced from the experiments conducted in the labora¬ 
tory by M. I. Sidorin (27, 28); it was shown that the plants may suffer from chlorosis even 
thou^ iron phosphate is present at the bottom of the vessel; whenever the distance between 
the roots and the bottom of the vessd was appreciable and the stirring was not done frequently 
enough. 
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phenomenon could be observed, although it is known that the absorption 
phenomenon in general is demonstrable in the sand culture results.^^ 

Coming back after a time to the study of the individual components of the 
author’s medium and utilizing the methods of determining the hydrogen-ion 
concentration, the authors have shown that the physiological acidity of NH 4 NO 8 
was more pronounced than it was ever supposed; it seems that the plant is 
capable of making this medium in certain movements just as acid as with am¬ 
monium chloride. 

The experiments of Domontovitch described later have shown that the more 
developed plants, after 2 hours contact in a solution of ammonium nitrate and 
ammonium chloride, are capable of changing appreciably the pH of the solu¬ 
tion; the experiments of Kupreyenok^* conducted in 1922 showthatin avesselof 
small volume, plants are capable of changing the reaction of the medium from 
pH 6.2 to 3.9 within 24 hours. (This experiment was conducted under condi¬ 
tions of changing the solutions and it was apparent that with ammonium salts 
a change of the medium every other day does not prevent a shifting of the reac¬ 
tion). 

This explains the fact that in culture solutions stirred once in 24 hours, the 
presence of ammonium nitrate in solution and of di-calcium phosphate as a 
precipitate does not eliminate the unequal accumulation of acid;thelatter may 
therefore become concentrated around the roots in undesirable quantities. 

In an effort to determine which one of the unknown causes plays a more im¬ 
portant r61e in the irregularities noticed between solution cultures and sand 
cultures, the improvement of the author’s medium for solution cultures may 
be sought in two directions: 

First: With the same source of P 205 ~Ca 2 H 2 (P 04 )ff—to increase the ratio of NO* to NH 4 NO 


12 To check the assumption on the rdle of absorption in regulating the reaction 0. V 
Saroobina conducted the following experiments: Sand washed widi strong HCl was moistened 
with a solution of one of the nutrient media (Hellriegel, Prianishnikov, Crone) and upon the 
expiration of one hour, a replacement of the solution by means of alcohol following the method 
of Istserekov (9) was carried out. The replaced solution was analyzed for all the cations and 
anions introduced and was compared with the original composition. However, the experi¬ 
ments were not successful in establishing any relation of the sand to the component parts of 
the medium, which contains ammonium nitrate as compared with other media. In checking 
up the second variable on the r6le of absorption, it was apparent that the sand used was 
capable of weakening somewhat the acid reaction of the solution in contact with it; for in¬ 
stance, the medium having an initial pH of 3.92 gave a pH of 4.76 after coming in contact with 
the sand; the solution, which was alkaline, did not change upon contact with the sand. This 
phenomenon may be explained not only by adsorption but by the impurities found in the 
sand which are capable of neutralizing acid solutions. 

Kupreyenok. On the speed of reaction changes m solution by plants with various sources 
of nitrogen. (Investigation conducted in the laboratory of Prianishnikov during 1922. Not 
published.) 

That the change of the solutions does not prevent the appearance of injurious influences 
on the part of the physiologically add salts was observed in 1908 but there were no detenmna- 
tions of pH made then. 
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(i or i). This change is corroborated by the work of various American workers, such as 
WolkofE (34). 

Second: By increasing the amount of base which is carried with the phosphates; that is, to 
try the influence of Caa(P 04 )a in place of CasHaCPO^a. Incidentally, in sand cultures it has 
been repeatedly noticed that an improvement of growth is marked by replacing the di-caldum 
phospl^te with freshly precipitated tri-calcium whenever the source of nitrogen was NHiNOa. 
However, more experiments in this direction are desirable. 

As was shown in the experiments of 1911 to 1916, among other media, various 
modifications of the Crone media were used; by itself this medium appears to 
be universal, giving in most cases very good results (except with garden cress 
and partially with flax), also giving regular yields of rye in both sand and 
water culture; still this medium may be improved. Thus, by making several 
changes in this medium it was observed that by replacing the Fe8(P04)2 with 
Fei(S 04 ) 8 , and increasing the portion of Ca 8 (P 04 )a to keep up the P 2 O 6 content, 


TABLE 11 

Results with com plants grown for 10 days in various media {24) 


EXFERISCCKT 

AUUONIOM NURATE 

AIQIONIDU CHIOaiDS 

Before experiment 

After experiment 

Before experiment 

After experiment 


PB 

pH 

PS 

PB 

1 

7.0 

3.7 

6.9 

3.7 

2 

7.0 

3.9 

6.9 

4,0 

3 

6.8 

4.2 

. • • 

. •• 

4 

6.8 

4.1 

... 

... 


TABLE 12 

Results of Jakushkin^s experiments on modified Crone medium 


UEDIUU 

UXULET 

BUCKWHEAT 

LUPINES 


gm. 

mgm 

gm. 

Original Crone. 

33.3 


21.7 

Modified Crone. 

48.2 


26.5 


the yield was increased. Table 12 taken from the experiments of Jakushkin 
(12) gives the results on the modified Crone medium. 

The modified Crone medium^^ infrequently gave better results than any other 
media. When these experiments were conducted, the present day methods of 
determining the reaction had not been introduced, but there is reason to sup¬ 
pose that the same medium is capable of keeping the reaction within limits. 
Besides the forms of the compounds, this medium differs from Knop’s and 

u The modification makes the medium a non-Crone medium, since the characteristic of 
the Crone medium is the presence of iron phosphate. The modification is similar to the Sax 
medium, except that the former contains less salts of iron and the latter contains NaQ. 
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Hellriegel’s media by a larger amoiint of soluble salts; this concentration of 
salts is tolerated because they are neutral salts. It is worth TT»^ntion that 
a certain increase in the osmotic pressure through salts ineffective from the 
standpoint of nutrition may also be useful, as shown by Malioushitsky and 
Tulaikov (32). In the author’s cultures there was not only an as¬ 

similation of nitrogen under the influence of NaCl (29) but also a greater ac¬ 
cumulation of oil in the seeds of flax and of mustard, an increase in the per¬ 
centage composition of sugar in tomatoes, and also an increase in the soluble 
carbohydrates in the vegetative portion of the grain crops.” 

It is thus possible that in the Crone medium besides the forms of thenutrient 
salts, the increased concentration of the nutrient solution, which was maHA 
possible by the exclusion of the acid phosphate, also has an influCTce. 



Fig. 1. Graphs Showing the Ttiration op the Friaushnieov and Hellriegei, Media 
AT Start (I), apter 24 Hours (II), and apter | Hour (HI) 

PART 

The experiments described below are a continuation of the investigations of 
Prianishnikov reported in the first part of this paper. 

Special em phasis has been laid on the factors influencing the reaction of 

^ Peietoiin. On the iniuence of osmotic pressure of the solutions ou the composition of 
plants. (Investigation conducted in the laboiatoiy of Prianishnikov in 1922. Not pub¬ 
lished.) 

The test of this second part has been prepared by M. K. DomontovitcL 
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nutrient medium during the growth period of plants. The factors of the 
dynamics of the reaction of nutrient media investigated were as follows: 

1. Physiological acidity or alkalinity of the nitrogen sources, NH 4 or NOs. 2. The buffer 
action of the media. 3. Specificity of plant species. 

The course of the reaction in solution cultures was the subject of investiga¬ 
tion by Duggar (4), Jones and Shive (14), Hoagland (8), Theron (31), and 
others. Recommendations of a special nitrate ammonia medium are given in 
the work of Wolkoff (34) and Hartwell and Pember (5). The latter attempted 
to control the reaction by the combination of NH4 + NOs; thus the recom¬ 
mendation of Hartwell and Pember coincides with that of Prianishnikov. 
The difference consists in that in the Prianishnikov medium the buffer action 
of di-calcium phosphate is utilized along with the physiologically acid ammonia 
nitrate. A series of interesting observations on the question of the physio¬ 
logical acidity of ammonium salts was made by Olsen (17), Jacobs (11), 
Hoagland and Davis (8), and Jones and Shive (14). During the progress of 
the work the aforementioned investigations were not available to the author 
and could not be utilized. Besides, their work dealt chiefly with solution 
renewal whereas the work of the author deals chiefly with constant media. 

Buffer action of the Hdlriegel and Prianishnikov media 

The original reaction of these media is controlled chiefly by the phosphates, 
KH2PO4 or CaJB 2 (P 04 ) 2 , and by FeCls. The changes in reaction of these 
media upon the addition of NaOH or HCl are shown in figure 1. The method 
used in obtaining these curves was as follows: 

Into a series of fiadts, 100 cc. of the respective media was poured and additions of 0.1 N 
NaOH or HCl were made. The pH determinations were made with the Quinhydrone elec¬ 
trode after 24 hours and for the Hellriegel medium also after 30 minutes (dotted line of the 
curve). 

A comparison of the pH value of the Hellriegel medium after 30 minutes 
and after 24 hours shows that the pH of this medium does not attain its equilib¬ 
rium at once; it depends on the precipitation of the phosphates of calcium. 
On account of the large amount of FeCls (about one-half to a milliequiv- 
alent per liter) the original reaction of the Hellriegel medium is strongly acid 
(pH 3.6 to 3.7). In solution cultures such a reaction may exert an injurious 
influenceonthe roots of young plantsof several species. In sand cultures where 
the sand is practically never absolutely pure, but contains some neutralizing 
properties, the critical acidity produced by a large amount of FeCls does not 
show itself. According to some calculations, a titration with phenolphthalein 
should give an acidity equivalent to 2.5 cc. of 0.1 A' NaOH for every 100 cc. of 
the Hellriegel medium (since the medium contains a millimol of KH2PO4 with 
an excess of calcium and approximately half a milliequivalent of FeCls). 
This titration does not take into consideration the acidity produced by the 
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CO 2 . The amount of alkali necessary to bring about a pH of 7.0 in the Hell- 
riegel medium is not regular, but depends upon the time the reading is taken. 

The original reaction of the Prianishnikov medium is close to that of the 
neutral point; namely, pH 6.6 to 6.7, In order to acidify it and to bring it to 
a pH 4.0, 0.9 to 1.0 cc. of 0.1 iV HCl is necessary. Thus, as the Prianishnikov 
medium shows a clear buffer action against acidif 3 dng, one may find a justifica¬ 
tion for the combination of the physiologically acid ammonium nitrate with 
di-calcium phosphate; the latter is capable of absorbing the H ions and of 
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6 

s 

4 





Fig. 2. Graphs Showing the Titration op 0.05 M Solution op KHsP04 and 0.05 M 

KH 2 P 04 4-0.02Jlf CaCla 

changing into the mono-phosphate. However, this buffering property of the 
Prianishnikov medium is not sufficient in some cases. It would be interesting 
to increase the buffer properties of this medium by increasing the amount of di¬ 
calcium phosphate or by replacing the FeCIs with iron tartarate or something 
similar. 

In order to illustrate the influence of the precipitation of phosphates of cal¬ 
cium on the titration curve, figure 2 is given, in which the titration graphs of 
O.OS M solution of KH2PO4 and 0.05 M EIH2PO4 + 0.02 M CaCk are given. 
The pH determinations were made after additions of increasing amounts of 
a solution of 0,08 N NaOH; the readings were taken after 3 hours and after 20 
days. In the medium without the calcium the reaction has not changed; in 
the medium with calcium the reaction after 3 hours is represented by a dotted 
line, and the reaction after 20 days by a solid line. 
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If a study is made of this solid line, which corresponds to a condition of 
equilibrium between the solid and the liquid phase, one may note that the 
addition of calcium salt to a solution of KH 2 PO 4 brings forth two points of 
buffer activity: 1. Approximately between pH 3.3 and 3.7. 2. Between pH 
6.0 and 6,4. An analysis of the first point corresponds to the precipitation of 
di-calcium phosphate (this may be called the phenomenon of buffer effect of 
precipitation). The second point of the buffer action corresponds to the in¬ 
version of di-caldum phosphate into tri-calcium phosphate (we thus have the 
buffer effect of the conversion into the solid phase). 


TABLE 13 

Influence of sprouted corn plants on the solutions of ammonia salts 


COMPOSmON 01 UESIUU 

EEACtlOK OP 
OKIGINAX SOLXrriON 

REACTION AT END 01 
EXPERIMENT 


pH 

pH 

NH 4 N 05 . 

7.0 

3.7 

NH 4 C 1 . 

6.9 

3.7 

NH^NOa + HCl. 

4.4 

3.8 

H*0-hHCl. 

4.4 

5.5 


TABLE 14 

Oat plants grown under daylight conditions 


KEACnON OE ICBDIUlC 


COMPOSITION or MEDIUM 

Before 

experimeat 

After 1 hour 

After 24 hours 

a 

b 

a 

b 

a 

b 


pH 

pH 

pH 

pH 

pH 

pH 

O.OOlA'NH.Cl + HCl. 

4.2 

4.2 

4.4 

4.3 

3.8 

3.8 

0.001 2V KCl + HCl. 

4.2 

4.2 

4.4 

4.2 

4.9 

5.0 

0.001 jrMgCI» + HCl. 

4.2 

4.2 

5.0 

4.9 

5.6 

5.6 

0.00127 CaCla +HCl. 

4.2 

4.2 

4.3 

4.5 

5.6 

5.6 


The influence of plants on the solutions of ammonia salts 

When it was found that the NH 4 j ^05 behaves as a physiologically acid salt, 
the question came up as to how this property may be changed irnder the in¬ 
fluence of the reaction of the medium. The influence of weak concentrations 
of HCl on the utilization of ammonium nitrate by plants was therefore tried. 
Table 13 shows how sprouted com plants in the experiments of Prianishnikov 
have shifted the reaction in a solution of ammonia salts during the period of 
10 days. 

Thus after 10 days of contact with the plants the medium shifted toward the 
add side even in the solutions to which an add was added. Thus the pre- 
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TABLE IS 


The changes in reaction of solutions of NE^Cl and NE^Oz under the influence of the roots of 
peas and oats and the absorption of nitrogen from these solutions 


i 

XXMB or PLANT 
AND AOE 

TDIBOP 

CONTACT 

OP 

PLANTS 
XN SOLU¬ 
TION 
CULTDBX 

COMPOSmON OP MEDU 

BEFORE 

THE 

EXPERI¬ 

MENT 

AFTER 

TEE 

EXPERI¬ 

MENT 

NITROGEN 

ABSORBED 



krs. 


PE 

P3 

percent 

percent 

1 

Oats, 22 da 3 rs 

2 

0.001 NHiNOs 

5.8 

4.8 

5.0 

27.9 




0.001 iVNH^Os + HCl 

3.7 

3.8 

38.7 

11.5 




0.001 A'NHiQ 

5.9 

4.6 

•, • 

29.5 




0.001 N NH 4 CI + Ha 

3.6 

3.7 

... 

18.8 

2 

Oats, 13 days 

2 

0.0005 JVNHJNTOi 

5.4 

5.4 

0 

51.6 



1 

0.0005 JVNH4N0, +HQ 

3.7 

4.2 

11.5 

40.4 




0.0005 N NHiQ 

5.4 

5.3 

. . • 

50.2 



1 

0 . 000 s JVNH«C1 + HC1 

3.7 

3.7 

... 

38.4 

3 

Oats, 13 days 

2 

0.0005 N NH«NO, 

5.4 

i 5.4 

18.3 

51.5 




0.0005 iVNHiNO, + HCl 

3.7 

4.2 

37.9 

44.6 




0.0005 N "mza 

5.4 

5.3 

• . • 

50.7 




0.0005 iVNEUaH-HQ 

3.7 

4.2 

... 

52.5 

4 

Oats, 60 days 

3 

0.001 iV'NHiNOi 

6.1 

5.7 

34.4 

30.0 


Oats, 30 days 


0.001 2 VNH 4 NO, 

6,1 

6.1 

0 

31.5 


Oats, 14 days 


0.001 i^NHiNOa 

6.1 

5.4 

25.0 

27.1 

5 

Oats, 74 days 

2 

0.001 N NHaNO, 

6.4 

6.2 

17.2 

14.7 


Oats, 44 days 


0.001 N NH 4 NOS 

6.4 

6.6 

1 28.5 

32.3 


Oats, 28 days 


0.001 

6.4 

6.3 

0 

22.6 


Oats, 14 days 


0.001 N NH 4 NO 8 

6.4 

6.2 

0 

18.3 

6 

Peas, 20 days 

2 

0.0003 N 

5.4 

4.8 

0 

n 




0.0003 JV^NH4NQ3 +HQ 

4.0 

■al 

0 

IPI 




0.0003 JVlSIHia 

5.3 

Hi 

. .. 





0.0003 J^3SIH4a +HQ 

4.0 

4.0 

... 

0 

7 

Peas, 20 days 

4 

0.0003 N 


4.8 

0 

33.7 




0.0003 AT 3OT4N0»+Ha 


6.2 

33.6 

0 

8 

Peas, 30 days 

3 

0.0001 iV^NHiNO, 

6.4 

5.5 

19.3 

61.5 




0,0001 iVNH4NOj +Ha 

5.0 

5.3 

18.1 

54.0 




0.0004 

6.2 

5.3 

0 

23.1 




0.0004 iV*NH4NO« +Ha 

4.9 

5.2 

i 

0 

25.2 

9 

Peas, 14 days 

2 

0.0002 N NH 4 NO 8 

6.4 

6.2 

0 

26.1 




0.0002 N’NH4NOj + Ha 

3.9 

5.8 

3.7 

0 


ponderance of assimilation of ammoiiia over that of nitrate nitrogen is not 
dependent on the reaction of the medium. 
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The foregoing experiment was conducted in the dark. In another experi¬ 
ment conducted under daylight conditions with oat plants which were 25 cm. 
in length, the results shown in table 14 were obtained. 

In this experiment during the first hour there was a tendency to neutralize 
somewhat the acid solution. After 24 hours, on the other hand, there was a 
noticeable tendency toward acidifying the solution containing the ammonia 
salts. 

A series of experiments with solutions of NH4CI and NH4NO3, in which the 
absorption of NH 4 NO 8 and the changes in reaction were determined, was 
conducted by Domontovitch and Drachev. After the roots have been washed 
with distilled water the experimental plants grown in complete nutrient so¬ 
lutions were put into the experimental media for a period of 2 to 4 hours. The 
results are given in table IS. 

The data given show that within 2 to 4 hours there was a shift in the reaction 
toward an increase of acidity in the unacidified solutions of NH4CI and 
NH4NO3; in the acidified solutions there was a slight decrease of acidity (0.1 
to 0.3 pH), There was a decrease in acidity in the same ratio on both of the 
media NH4CI + HCl and NH4NO3 + HCl. From equivalent solutions of 
NH4NO3 + NH4Ci the ammonia was absorbed with the same intensity. In 
the majority of cases the NH4 was absorbed faster than the NO3 in the im- 
acidified NH 4 NOS solutions. When the NH 4 NOS solutions were acidified the 
amount of absorbed nitrate nitrogen increased and the amount of absorbed 
ammonia nitrogen decreased; however, even on the acidified solutions occa¬ 
sionally the ammonia nitrogen was absorbed more energetically than the nitrate 
nitrogen. 

In general one might say that the ph 3 rsiological acidity in these experiments 
shows itself clearly on the unacidified solutions; two indications characterize 
it: 1. The excessive absorption of cations over anions, 2, the shift of the reac¬ 
tion toward an increase of the pH reading of the acidified solutions. On the 
solutions of NH4NO3 + HCl the first indication of physiological acidity in¬ 
frequently continued to appear although the other at times was obliterated. 
We may assume (on the strength of the experiments cited above) that with 
a prolongation of the time of the experiments, there would have been a 
reverse movement of the reaction toward an increase of acidity, even on the 
solutions with NH4NO3 which were slightly acidified. 

The change in reaction of the solution cultures under the influence of the growth 
of plants in NH^Oz and nutrient media 

In nutrient solution cultures with com various amounts of NaNOs and 
NH4CI were used. The solutions were not renewed. The changes in reaction 
are given in table 16. This table shows that the tendency toward acidity 
becomes noticeable when ammonia nitrogen is substituted for one-fourth of the 
nitrate nitrogen; under the conditions of the experiment, this combination 



PROBIKM OP A PROPER NUTRIENT MEDIUM 


343 


appeared to be the optimum, since at a wider ratio the plants suffered from 
an excess of acidity and on the purely nitrate media the corn plants became 
strongly chlorotic. 

In the experiments in 1924 a comparison was made of the effect of various 
types of plants on the reaction of the nutrient media, various sources of nitrogen 
being used in nutrient cultures. The composition of each liter of this solution 
for both media as well as the nitrogen source was as follows: KCl—^0.03 gm., 

TABLE 16 

The influence of the ratio NOz:NE^ on the change of reaction in solution cultures with com 


tiue period in days 


IN EQUIVA¬ 
LENTS 

Start 

7 

10 

14 

20 

28 

37 

45 

54 


■■ 

PS 

PS 


ps 

ps 

ps 

ps 

ps 

1:0 

■9 

5.4 

5.6 


5.9 

6.0 

5.9 

6.0 

6.3 

i:} 

BO 

4.5 

4.3 


3.9 

4.1 

4.5 

4.7 

4.0 


BO 

4.5 

4.3 


3.8 

3.5 

3.4 

3.5 

3.4 

i-.i 

Bl 

4.5 

4.3 

4.1 

3.7 

3.4 

3.4 

3.0 

3.0 

0:1 

m 

4.3 

3.9 

3.6 

3.4 

3.2 

3.0 

2.8 

2.8 


TABLE 17 


The change of reaction during the growth period of the plants in soltaion cuUures on a complete 
medium containing various sources of nitrogen 


NimBER 

OP 

DAYS 

NaNO* 

NHiNOs 

NHiG 

Oats 

Com 

Peas 

Clover 

Beans 

Buckwheat 

Oats 

Com 

Peas 

Clover 

Beans 

1 

i 

pp 

Oats 

Com 

1 

Qover 

Beans 

Buckwheat 



ps 


ps 

ps 

ps 

ps 

ps 

ps 

ps 

ps 

ps 

ps 

ps 

ps 

ps 

ps 

ps 

0 


5.5 


5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5.5 

5 

.. • 

6.3 

... 

5.5 

5.5 

• •. 

... 

4.2 

. ■. 

5.2 

5.5 

... 


3.6 

... 

5.1 

4.1 

.. • 

8 

6.1 

6.3 

5.7 

... 

... 

• • • 

5,3 

3.8 

4.5 

. •. 

... 

... 

4.5 

3.1 

4.4 

... 

... 

... 

11 

6.5 

■ • • 

6.5 

... 

... 

5.6 

4.9 

... 

4.3 

. •. 

... 

KKii 

3.7 

... 

3.9 

... 

... 

4.5 

16 

7.3 

6.8 

7.2 

6.5 

6,2 

5,6 

CTtl 

3.3 

4.5 

m 

4.2 

4.3 

3.3 

2.9 

m 


3.7 

4.0 

20 

7.4 

« • . 

7.2 

6.6 

6.3 

5.7 

3.9 

f » « 

4.2 

li 

3.9 

4.0 

3.3 

... 

3,9 

3.7 

3.6 

3.6 

28 

... 

6.9 

... 


6.9 

5.8 


3.4 

... 

3.9 

3.6 


... 

2.9 

... 

3.7 

_ 

3.6 

3.5 


KH 2 PO 4 —0.06 gm., MgS 04 —0.06 gm., CaCls-O.OS gm., CaS 04 - 0.12 gm., 
Fe—0.05 mgm. (tartarate). As for the nitrogen source in medium 1 there was 
NaNOg—0.26 gm.; in medium 2 , NH 4 NO 8 — 0.12 gm.; in medium 3, NH 4 CI— 
0.16 gm. 

Three plants were put into each vessel of 1.8 liter capacity. The contents 
of the vessels were stirred every half hour. The results of the experiment are 
given in table 17. 
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From the observations on the growth of the plants, the following was noted: 

On the NH4CI medium the grain crops and legumes were killed. The leaves dried up or 
dropped off. The killing of legumes (peas, clover, beans) took place at pH 3.9 to 3,6; oats 
died at pH 3.3; and com at pH 3.1 to 2.9; the budkwheat was an exception. This survived, 
and at the end of the experiment the reaction of the medium was 3.5. Although the plants 
were stunted they remained alive and to all appearances seemed to be healthy. On the 
NHiNOg medium the beans and clover seem to have suffered most; the peas looked better; 
the other plants maintained their normal appearance; on the com, notwithstanding the 13 
days of contact with the solution of pH 3.3 to 3.4, only the tips of the roots appeared to die 
off. On the NaNOj medium the plants were healthy except for the beans and clover, which 
wilted toward the end of the experiment. If attention is directed to the general character of 
the change in reaction of the solution and especially to the direction of the change, the con¬ 
clusion may be drawn that in the experiments described, all t 3 ^pes of plants in general have 
diown analogous influence on the reaction. There were no shaiply de^ed qualitative differ¬ 
ences among the plants used in the experiment. 

On the NH4CI media the plants lowered the pH of the solution somewhat 
faster, bringing about the point of toxic limit after IS or 20 days. On the 
NH 4 NO 8 media there was a slow and gradual approach to this limit accom- 


TABUS 18 

The change of reaction during the growth period of wheat and buckwheat grown on nitrate media 


mNTS 

SOURCE OF PsOs 

BEGINNING 

AFTER 20 DAYS 

AFTER 30 DAYS 



ps 

PB 

PB 

Wheat. 

KHjP04 

4.1 

6.4 

» • • 

Buckwheat. 

KHaPO* 

4.1 

5.6 

5.8 

Buckwheat... 

Saratov 

phosphate 

5.5 

5.9 

6.0 

Buckwheat. 

Without 

phosphate 

4.1 

4.1 

4.4 

i 


panied by a greater or less depression of growth. In the nitrate media the 
reaction approached the narrow interval of reaction around the neutral point. 

There were quantitative differences in the speed of change of reaction among 
the individual plants; these differences are not accidental in the experiment; 
they are characteristic for the particular species. 

The higher limit of reaction for oats and com on the media with ammonium 
chloride as compared with the legumes may be ascribed to the sensitiveness of 
the legumes to an acid reaction. The absence of killing effects on buckwheat 
in the NH 4 CI medium may be explained by the ability of this plant to with¬ 
stand a wide range of reaction after which a depression of the growth takes 
place; only after this limit is a killing reaction possible for buckwheat. If the 
variations in pH for the ammonium nitrate and the ammonium chloride 
media are noted, after the twentieth day the following is apparent: For oats, 
pH 0.6; com—0,4; buckwheat—0.4; peas—0.3; clover—0.3; beans—0.3. 
The figures for the various plants (except oats) are very similar. On the neu- 
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tral medium one property is outstanding; namely, the appreciable constancy 
of the reaction in the vessels with buckwheat. The tendency to approach the 
neutral point was apparent up to end of the experiment. In another experi¬ 
ment where only nitrate media were used the results shown in table 18 were 
obtained. 

In this case, therefore, the weakly acid reaction of the nitrate medium became 
more constant under buckwheat than under wheat (notwithstanding the weak 
development of the wheat). On the phosphates (Saratov) the development of 
buckwheat was just as successful as on the KH2PO4; therefore the (Saratov) 
phosphate was assimilated by the buckwheat at a reaction of the medium 
ranging between pH S.S and 6.0. 


SUMMARY 

Parti 

The NH 4 NO 8 nutrient medium proposed by Prianishnikov on the basis of 
his experiments with sand cultures during 1900-1901 gave results close to those 
obtained with the Hellriegel medium; with certain plants (like water cress and 
flax) the medium gave even better results, but with others (like lupines and 
peas) it gave poorer results than with the Hellriegel medium. 

The cause of these differences may be looked for in the following conditions: 

The earlier assumption that the reaction of this medium, which is close to neutrality will 
not shift either way on account of the buffer action of the di-caldum phosphate, did not 
materialize. Further experiments have shown that the physiological acidity of ammonium 
nitrate is a great deal stronger than was thought in the beginning; the acidity may approach 
a point comparable to that produced by the presence of ammonium chloride. Thus although 
in the Hellriegel medium there is a shift of the reaction from acidity to neutrality, in the 
Prianishnikov the reverse is true. Since various plants on one hand tolerate differently shift- 
iogs of the reaction and on the other hand have a different power of producing changes in 
reaction, the results of applying one or the other media are subject to change under the influ¬ 
ence of the type of plant. 

Besides, it was observed that the Prianishnikov medium infrequently gave 
poorer results in nutrient solution cultures than in sand cultures. The causes 
of differences between the nutrient solution cultures and the sand cultures 
may be ascribed to the possible buffer action of the impurities found in sand; 
it may also be caused by the unequal distribution of the NH 4 NOS and Ca 2 H 2 - 
(P 04)2 in the vertical column of tie nutrient cultures as compared with the 
sand cultures. For this reason the physiological acidity of the ammonium 
nitrate is not neutralized by the action of the di-caldum phosphate, which is 
found as a precipitate on the bottom of the vessel. The stirring of the solution 
at 24-hour intervals is not sufficient to prevent the acidity produced around 
the roots from doing the damage. In view of the above, the solution cultures 
for the best results ought to have such a modification of the nutrients that 
the ratio of nitrate nitrogen to ammonia nitrogen would be more than unity. 
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Among other media which were studied, the one of Crone with slight modi¬ 
fications was successful; the changes produced consist in replacing the Fe 3 (P 04)2 
with Fe 2 (S 04)3 with a corresponding increase in the amoxmt of Ca 3 (P 04 ) 2 . 

Part II 

The experimental part of this paper deals with a detailed study of the mutual 
influence of the different ingredients of the Prianishnikov medium; the primary 
thought was to reduce the ph 3 rsiological acidity of NH4NO3 by the buffer 
activity of Ca 2 H 2 (P 04 ) 2 . 

The titration curves of the Hellriegel and Prianishnikov media show the 
greatest buffer activity at a pH close to neutrality. The buffer action depends 
not only on the conversion of the phosphates, HPO4*' + H'±=? H2PO4' in the 
solution, but also on the precipitation or solubility of the calcixim phosphate. 

To illustrate the buffer effect of precipitation of phosphates of calcium and 
the buffer effect of the conversion of the solid phase ( 2 CaHP 04 + Ca ±=? 
Ca«(P04)2 + 2H), the titration curves of KH2PO4 and KH2PO4 + CaCl 2 are 
given. 

In a series of experiments of short duration on the absorption of NH 4 and 
NO 3 by the plants from solution—either from NH 4 NO 8 alone, from ammonium 
chloride, or from a weakly acid solution of NH 4 NOS + HCl or NH 4 CI + 
HCl—the characteristic physiological acidity of NH 4 NO 8 was noticed. This 
was expressed by the following: 1. A more speedy absorption of NH 4 than 
NOa. 2. The shifting of the reaction toward an increase of acidity on the 
imacidified solutions. On the acidified solutions (up to a pH 4.0) the first 
symptom of ph 3 rsiological acidity of NH 4 NO 8 infrequently was noticed, 
although in a slightly less degree than when a neutral reaction was maintained 
in the beginning. However, the second indication—the increase of acidity— 
on cultures already acid from the start; in experiments of short duration, was 
not observed. It is possible that this is due to the speedy absorption by the 
plants of the free acid added to the medium. On the medium with lsrH 4 Cl 
and HCl and with a pH of 4.0, there was a noticeable shift toward alkalinity 
after 1 hour, followed by an acidif 3 dng tendency after 24 hours. 

The influence of the various plants on the reaction of a complete medium 
containing NaNOs, NH4NO8, or NH4CI, with a small amount of KH2PO4 was 
qualitatively somewhat similar. On the nitrate media the general tendency 
for all plants was to neutralize the original acidity of the solution (pH 5.5); it 
was, however, not sopronouncedwith the buckwheat. Legumes were successful 
in bringing about a reaction with ammonium chloride to pH 3.9-3.6, at which 
point they died; the grain crops, like oats and com, brought the acidity down 
to3.3-2,9. 

The buckwheat tolerated the acidity produced with the ammonium chloride 
to a greater extent than all the other plants. 

For all plants the difference in pH for the media with ammonium nitrate 
and in mixtures with ammonium chloride was not great—^pH 0.3-0.S—within a 
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period of 3 weeks experimentation. The injurious influences on the first 
medium appear later and with less rapidity than on the other media. 
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SOME COMPARISONS OF THE PROPERTIES OF HUMID-TROPICAL 
AND HUMID-TEMPERATE AMERICAN SOILS; WITH SPECIAL 
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COMPOSITION AND PHYSICAL PROPERTIES 
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In the course of a recent reconnoissance of Central American soils two quite 
distinct classes of upland days were encountered. The types comprising one 
dass are friable, freely permeable to water, resistant to erosion, and often show 
faint profile zonation; whereas the types comprising the other class generally 
are plastic or stiff, much more impervious, and show better profile zonation. 
The older concept that the physical properties of soils are largely the resultant 
of the varying percentages of sand, silt, and day would not explain the different 
behaviors of these two classes of soils, since a number of the types of essentially 
the same texture have shown opposite physical properties. Some of them, 
although containing an extremely small amount of gritty material, are as 
friable as light sandy loam, whereas others of similar texture are very stiff. 
This paper correlates the friability and plastidty of certain heavy day soils 

Si02 

as determined by field methods with the‘ 777 ;;— p: ratio of the same soils 

AI2U8 T* rCaUs 

obtained by chemical analyses made in the laboratories of the Bureau of Soils. 

The analytical results dted show the composition of the whole soil and not 
that of the colloidal constituent alone, but since these soils are very heavy and 
undoubtedly high in colloidal content, it is believed that the results may be 
accepted for the purposes of this paper as essentially equivalent to the results 
that would be obtained by separating and analyzing the contained colloids. 

It has been found that the colloidal materials extracted from different soils 
vary widely in their chemical compositions (14) and in their physical proper¬ 
ties (1, 6 , 13). Moreover, it appears from recent work (2) that the physical 
properties of the colloidal material are fairly well correlated with the chemical 

. S1O2 

composition, as expressed by the molecular ratio ^ FeaOs* 


SOME DELATED ENVESTIGATIONS AS EECOEDED IN THE IITERATXmE 

Van Bemmelen (IS, 16) considers the end-product of lateritic weathering 
as silica-free alumina; but states that the agents and conditions which cause 
lateiitization, whereby the ratio of silica to alumina is lowered to 1;3 to 1:0, 
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in contradistinction to ordinary weathering, are not understood. He observes 
that ordinary and lateritic weathering go on together in some regions, that the 
former never goes over into the latter under certain conditions and dimates, 
whereas under still other conditions it goes over wholly or in part. He further 
observes that the heavy clay soils of Holland with a silica : alumina ratio of 
over 2 are highly plastic, whereas the lateritic clays of Java with a 
silica : alumina ratio approaching 0 have no plasticity. 

Hardy in studying the significance of the shrinkage coefficient of “clays and 
soils'' (7) ascribes the high ratio of AI2O3 plus Fe208 to Si 02 for certain red soils 
from Dominica and Barbados to their “lateritic nature," and observes that 
these types probably owe their special physical characters mainly to the 
presence of colloidal aluminum hydroxide. He further states that the low 
ratio of AI2O3 plus Fe 203 to Si02 for certain types from Montserrat and Antigua 
indicates that the colloidal material in these types resembles more that con¬ 
tained in soils of temperate regions. He concludes that red lateritic soils, 
rich in alumina hydrogel, appear to possess relatively low vesicular water 
contents, and, in consequence, to exhibit low shrinkage coefficients. He be¬ 
lieves that the colloidal matter of soils of different origin and chemical composi¬ 
tion is specific in certain of its properties and that many of the apparent anom¬ 
alies in the behavior of soils may be satisfactorily explained by differences 
in the physical constants in the colloids. From his research on the naaximum 
water-retaining capacity of “colloidal soils" (8) he finds that West Indian “red 
lateritic soils," whose colloidal content is described as being composed mainly 
of the hydrogels of alumina and of ferric oxide, exhibit remarkably low volume 
expansion on wetting. 

Joseph (9) finds a certain correlation between the imbibitional water-hold¬ 
ing capacity of a number of Sudan clay soils and their chemical composition. 
Red soil with a silica : alumina ratio of 2.85 showed a very much lower capacity 
in this respect than the other types, which consist of brown alluvial, brown 
loessial, and blue loessial types, with silica : alumina ratios ranging from 3.77 
to 4.77. He found the plasticity of the colloids in “slate-blue clay" from the 
upper Nile very high and that of the colloids taken out of red subsoil from 
Mongalla, very low. In his work on a number of tropical and temperate zone 
clays he points out (10) an important characteristic in the silica: alumina ratio 
of the day separates, noting that this ratio seems connected with essential 
“day" properties, being low in non-plastic and high in plastic materials. 

It is said to be common knowledge among the Hawaiian sugar plantation 
operators that Hawaiian days have radically different physical properties 
firom those of England and the United States—that they do not scour the mold- 
board of plows well and are generally friable under all conditions. Maxwell's 
investigations on Hawaiian soils (11) show that most of the soils are low in 
silica and high in iron and alumina, the average molecular ratio of silica to 
iron plus alumina being about 0.9, 
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PROPERTIES OP CENTRAL AMERICAN SOILS 

Large areas of well-drained upland soils occurring in the humid parts of 
Central America have a much higher content of clay and show much greater 
friability than commonly characterize the finest textured upland types of 
humid United States. This is true even for many tropical areas having pre¬ 
dominantly sloping topography. Presumably the soil of these sloping situa¬ 
tions has not lain undisturbed long enough to have had exerted upon it the 
fullest possible effect of oxidation, hydration, and leaching, such as might be 
expected on uneroded flats. Wherever erosion has kept such close pace upon 
rock decay that incompletely decomposed fragments of the parent material 
are fairly abimdant at shallow depths the condition generally may be construed 
as reflecting a stage of weathering somewhere short of mature soil development. 
This view may need modification in some instances, as for example, where 
particles and fragments of highly resistant rocks, such as quartz and agate, are 
present in considerable amounts through the soil profile. 

Notwithstanding the usual sloping features of the region and the more or less 
conformity as regards soil immaturity in some situations, the products of 
weathering, in case of the clay types in particular, are profoundly different over 
extensive areas from those of similar texture usually found in like positions in 
the wet temperate zone, taking the United States as a representative region 
for comparison. In this part of the tropics the soils either have undergone 
more intense weathering or they have undergone changes unlike or partly 
unlike those that have taken place under average conditions at the more 
northerly latitudes. The influence of the parent rocks often can not be seen 
in an 3 rthing like the same degree encountered in the hilly parts of humid United 
States, although close relation does exist locally between parent rock and 
derivative soil, as will be pointed out below. 

With a constantly warm temperature and long periods of heavy rainfall, 
weathering in the tropics has had a much stronger leveling effect upon soil 
character in this region; rocks have decomposed to greater depths and much 
more completely in that part of the profile above the zone of visible continuing 
decay; clays of marked uniformity have developed over large areas and have 
become exceedingly fine grained; exceptional friability and permeability have 
resulted; and susceptibility to erosion has been greatly minimized. Soils 
of clay texture are largely in the predominance over the uplands, except in the 
vicinity of active or recently active volcanoes. Clays seem to be the normal 
regional soils, as much so as sandy types are the usual soils found in the coastal 
plain of southeastern United States. 

In extensive areas from Guatemala to Colombia the soil consists of red, buff, 
and ocherous-yellow (mostly red) day, showing frequently no conspicuous 
physical difference from place to place, except that some areas are more friable 
than others, even though there is wide variety in the underlying rocks, indud- 
ing the basic igneous group and the sedimentaries, such as limestone, shale, and 
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daystone. It is not meant that there are not widely different soil types within 
the region. Actually there are a considerable number of variations, but many 
of these owe their peculiarities to such obvious local conditions as immaturity 
of weathering, imperfect drainage and, in the more eroded situations, to the 
lithologic nature of the parent material. As a rule quartz or other gritty 
particles can not be detected in the clay soil referred to by ordinary field ex¬ 
amination, or only small amounts can be found; but in those localities where 
granitic rocks and the mica schists are abundant, as in northern Honduras, 
fragments and partides of quartz and flakes of mica are fairly common in the 
shallow soils. In the latter t 3 q)es comparisons of the ratio of silica to iron 
plus alumina can not be made properly in all instances with the corresponding 
ratios for the clays containing little or none of these larger mineral fragments. 
Some of the physical variations referred to have a pronounced tendency, with 
advanced weathering, in the direction of: 

(a) Oreater friability and permeability than is commonly found in fine-textured soils of 
similar origin in the temperate zone, as already pointed out; (b) the development of uniform 
red, yellow, and buff colors; and (c) exceptional profile uniformity. 

Similarly the chemical-variations show a tendency under advanced weather¬ 
ing toward an end product having relativdy low contents of silica and of the 
bases, CaO, MgO, Na^, and K 2 O, and comparatively high contents of iron 
and alumina. This refers to the well-drained older types. 

A striking difference from humid temperate-zone soil conditions is seen in 
the frequent faint development in the direction of sharply differentiated soil 
layers or horizons through the vertical section, even where the soil is deep. As 
a rule the dominant soils, the red clays, have 

(a) A surface layer, raugizig from about} to 3 or 4 inches in thickness, in which organic 
matter from vegetation has slightly darkened the red soil, although there are places where 
scarcely any top soil of this kind is observable. Beneath this faintly developed surficial zone 
is found (&) red clay which is essentially uniform to depths ranging from about 2 to 8 feet; 
at which point the day (c) is often splotched or streaked with material of yellowish, bluish- 
gray, and whitish or cream colors, often accompanied by soft partly decayed rock materiaL 

There are in these red cla 3 rs generally no important textural differences 
between a and b, and often very little or none between a, b and c; and the 
divisional lines are rarely sharp, the material of one section grading into that 
of another. Frequently the light and yellowish streaking and mottling of 
section c represents freshly decayed or partly decayed rock materials of varying 
character, in which oxidation, leaching, etc. have not advanced to the same 
stage as in the red soil above. The soil of section c really represents, in a great 
many instances, what might be designated a secondary or tertiary product of 
weathering from the parent rock, in that the primary product of weathering 
usually shows less complete obliteration of the granular character of freshly 
disintegrated rock. Sections a and b, in other words, represent more nearly 



HUMID-TROPICAL AND HUMID-TEMPERATE AMERICAN SOIL 


353 


the true soil in the sense of thorough decomposition of practically all of the 
parent rock material. 

This faint zonation or lack of development of obvious horizons through the 
profile is a common characteristic of large areas of soil not only in Central 
America but also in parts of the West Indies and northern South America. 
This seemingly is due, in part at least, to a weakened efficiency in processes of 
elutriation and eluviation resulting from the peculiar nature of the fine particles 
formed under wet tropical conditions, a considerable proportion of which has 
been found to be of a colloidal nature. That the fine material clings to¬ 
gether to form clusters from which the individual grains are not readily 
detached by water to become suspended and moved through the soil mass 
is evidenced by the physical properties of the soils, such as a highly 
permeable or granular structure through which water passes rapidly; and the 
usual rapidity with which the material, when suspended in water by violent 
agitation, falls out of suspension.^ Thus there is little opportunity for 
concentration of day in the sublayers to form zones of heavier texture than 
those above, from which the finer partides under dissimilar climatic conditions 
might have been moved downward by percolating water. In the absence of 
strongly effective elutriation and eluviation the comparatively coarser textured 
surface soils so common to humid temperate regions fail to develop over much 
of the country under discussion; and without effective processes of this nature 
there would seem to be a priori no possibility of developing heavier sub¬ 
layers, such as are also common to many areas of smooth topography in the 
temperate zone, except as they are formed through decay of parent material 
that weathers directly into soil of fine texture. 

The content of flocculent colloidal material of the kind referred to is prevail¬ 
ingly higher in some parts of the humid American tropics than in others. This 
appears to be due partly to an exceptionally heavy rainfall and good under 
drainage, and partly to the character of the parent material. 

In the very humid eastern part of Costa Rica there is considerable soil so 
open natured by reason of the aggregated or flocculated fine material that rain 
water rapidly passes into and through the ground, and the soil exhibits such 
slight stickiness that the land can be plowed during or immediately after a 
heavy rain to form a very granular tilth (plate 1). 

This Costa Rican type—Columbiana clay (tables 1 and 5)—^is of exceedingly 
fine texture, containing only 0.7 per cent of particles coarser than silt; yet it is 
as friable as the mellowest loam, and in the practical sense is not susceptible 
to erosion (3,4). It is derived from old outwash material coming from basic 
igneous rocks and volcanic ejecta on the slopes of the adjacent cordillera. In 
this region the rainfall is very heavy—^209 inches at Sarapaqui. 

^ Colloid extracted from a sample of extremely friable tropical soils of day texture from 
Costa Rica has exhibited considerable immunity from miscibility with water, requiring intim¬ 
ate rubbing of the material to bring about dispersion. The material falls out of suspension 
quickly. 



TABUE 1 

Chemical analyses of friable tropical soils 


354 


H. H. BENNETT 


•0«J + «0'IV „„„ 
*OlS 

1.90 

1.60 

1.60 

1.70 

1.70 

1.40 

1.10 

1.10 

1.20 

1.10 

1.20 

1.15 

0.90 

0.85 

0.90 

0.30 

0.15 

1.60 

SailVTC OIMVO^IO 

per 

cent 

7.21 

3.45 

1.83 

0.59 

0.85 

0.67 

0.71 

0.47 

6SOT KOIXIKOX 

per 

cent 

15.63 

20.39 

13.25 

10.98 

9.04 

17.07 

15.88 

15.54 

14.43 

21.81 

18.95 

17.62 

17.82 

18.45 

18.32 

25.00 

25.14 

12.69 

saivK[ 

-oaHVO iiioaa *OD 

1,1 o oooo oooo ooooooooo 

N 

per 

cent 

0.09 

0.39 

0.09 

0.03 

0.02 

0.19 

0.09 

0.08 

0.07 

0.26 

0.15 

0.07 

0.04 

0.04 

0.04 

0.02 

0 

0.003 

«0«<I 

per 

cent 

0.24 

0.12 

0.07 

0.02 

0.02 

0.56 

0.54 

0.51 

0.48 

0.19 

0.32 

0.31 

0.32 

0.32 

0.35 

0.48 

0.56 

0.28 

0*«N 

fegesi ooofo poco-^io 

o oooo oooo ^ooooooo^ 

on 

0‘»-^f0^^ cvj-r-ieqc<l 

'^o oooo oooo ooc>c5g5oooo 

O^K 


0«D 

per 

cent 

0.14 

0.38 

Tr. 

Tr. 

Tr. 

0.32 

0.23 

0.32 

0.32 

Tr. 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

Tr. 

Tr. 

0«PI 

per 

cent 

0.04 

0.36 

0.24 

0.15 

0.12 

0.08 

0.12 

0.22 

0.19 

0.07 

0.04 

0.04 

0.03 

0.03 

0.03 

0.03 

0.18 

0.29 

*0®TV 


*0*9^ 

0\ tfo Off)<N'Tt<00O‘O'*H00 

■^Svo vd'^^«o •r4vdo'0 

^ ^r^ ^ ^ ^ ^ ^ tH ^ 'vH 

«OIX 

per 

cent 

0.69 

1.67 

1.37 
1.28 
1.23 

2.02 

2.37 
2.51 
2.55 

2.06 

1.89 

1.99 

1.99 

2,21 

2.08 

2.13 

2.62 

2.OS 

*0!S 

per 

cent 

41.87 

34.57 
38.13 

40.48 
41.08 

33.85 

30.28 

28.99 

30.63 

28.65 

30.04 

30.40 

26.49 

24.57 

25.25 

9.77 

5.00 

38.21 

HXdaa 

inches 

24-36 

0-3 

3-30 

30-40 

40-52 

0-14 

14-32 

32-60 

60-90 

0-11 
11-20 
20-40 
40-96 
96-132 
132-144 
144-162 
162-202 
at 35 ft. 

1 

aaaxmK snows 

28126 

30514 

30515 

30516 

30517 

30557 

30558 

30559 

30560 

30567 

30568 

30569 

30570 

30571 

30572 

30573 

30574 

30575 

1 

1 

1 


Espiritu Santo clay, Honduras. 

Arraijdn day, Panama. ^ 

1 

Turrlalbas silty clay, Costa Rica. ^ 

Aragon clay, Costa Rica. 








































































HUMID-TROPICAL AND HUMID-TEMPERATE AMERICAN SOIL 


355 


0.65 

0 .6S 

1.00 

1.96 

1.90 

1.30 

CM 

VO • • • . 

00 • ■ • • 

CO • • • • 

• ■ « • 


22.52 

26.48 

14.92 

11.97 

22.10 

16.50 


o o o o o o 


CO ^ CO CO 

^ -rt O O -th 

o o o o o o' 


S ^ Si s !S s? 

o* d d d do* 


^ Qs !>• 00 CO ’*-4 

O O ▼H to 

d d d d do* 

vH 

CM 

d 

CO CO -Tf VO lo 

CSI CS tH CO Cv| 

d d d d d d 

VO 

CM 

d 

Jt-* VO ^ Ov CSI 

CO CO O 'O CS CM 

d d CO CO d d 

CM 

VO 

d 

. . CM -»-4 ^ 

^ > CO VO CO CM 

d 

CO VO O 

CO CM CO »H CM vF-t 

d d d d do 

• 

OO VO CO O Q 

rl4 CO VO ^ ® ® 

00 ^ to 00 

CO CO CO CM CM CM 

00 

CM 

55 

Q CM ^ 23 *52 52 1 

CO lo O O ® ®® 

d VO CM* d 

^ ^ vfH ^ 1 

Ov 

d 

CM O ^ 

CO CM O CM ^ 

CM CM CM ^ CO CM* 

i 

Ov CM CO ^ 

^ Ov CO ^ *o 

00 VO d Ov ^ 

TH CM ^ CM CO 

29.30 

tH 10 o o S 


30584 

30585 

30586 

30608 

30644 

30645 


Columbiana Clay^ Costa Rica..... .. / 

Uruca loam, (Sub.), Costa Rica .. . 

Cukra day, Nicaragua ... . . .| 

Average . 










TABLE 2 

Ckemical analyses of non^friable tropical soils 


356 


H. H. BENNETT 


•ots 

2.00 

2.50 

4.e0 

4.(50 

4.(50 

4.50 

8.10 

11.60 

3.40 

3.10 

2.10 

2.00 

2.09 

2.10 

2.50 

vauvn DiKvovo 

per 

cent 

4.01 

6.73 

3.35 

5.92 

1.50 

2.36 

SSOl NOUINOI 

per 

cent 

9.30 
5.48 

13.57 

8.57 

11.22 

6.33 

4.36 

5.90 

19.30 
13.78 

13.65 

12.33 

11.64 

11.65 

9.31 

SaiYK 

-oaro iioaa *00 

.. .. • • oo oooo o 


do do dd d d dd dddd 

•Cfi 

per 

cmt 

0.13 

0.10 

0.12 

0.14 

0.06 

0.04 

0.06 

0.06 

0.14 

0.10 

0.26 

0.25 

0.21 

0.14 

0.46 

0*»N 


0*3 

per 

cent 

0.66 

0.74 

1.89 

1.75 

1.38 

1.91 

2.85 

1.76 

0.32 

0.28 

0.76 

0.71 

0.73 

0.48 

2.10 

08 K 

per 

cent 

5.80 

5.78 

0.70 

0.65 

0.43 

0.44 

1.85 

0.63 

1.97 

2.23 

1.11 

0.59 

0.46 

0.88 

1.27 

0^0 

cent 

6.17 

6.07 

0.74 

0.45 

0.32 

0.15 

6.97 

1.06 

1.98 
1.93 

2.50 

1.66 

0.99 

0.81 

0.79 



«o*iv 

per 

cent 

20.89 

20.53 

17.26 

18.80 

14.48 

19.88 

12.25 

9.75 

17.04 

19.25 

25.89 

26.31 

27.60 

28.40 

27.85 

*0*»A 

per 

cent 

10.89 

12.15 

5.77 
5.95 

4.47 

5.98 

2.77 

2.43 

10.67 

11.85 

11.87 

13.53 

13.39 

11.55 

7.13 

*0!X 

'T*<csi CO VO »£>vo t^oovoos co 

b s »o 4r^ ChO NOvoooco O 

dd od d d d*^ th 
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per 
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44.40 
45.83 

57.59 

62.06 

65.00 

62.77 

67.00 

77.00 

47.48 

49.49 

41.27 

41.37 

42.40 
44.20 

43.51 
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Lancatillal day loam, near Guatemala, Hon* f 
duras boundary.\ 

La Fiancia day, Honduras.| 

Talladega day, Honduras.| 

Tosentales day, Honduras. 

Cliandler loam, Honduras. 

Santa Rosa day, Panama.| 

Uruca day loam, Costa Rica. 

Aragon day, Costa Rica... 
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TABLE 3 

and range of silica, iron and alumina, total hoses, and molecular ratio of silica to iron 
cmd alumina in 24 friable and non-friable soils 



AVERAGE SiOs 

RANGE SiOz 

+ 

1 

5 

range FeiOi + A1*0» 

6+ 

|3 

< 

% 

o'r 

r 

i§ 

w 

1 

1 

+ 

1 

\ 

<5 

w 

H 1 

+ 

1 

1 

Friable. 

Non-friable. 

29.30 

52.33 

5.00-41.87 

41.27-77.00 

49.19 

30.81 

31.1^.72 

12.18-38.78 

1.32 

4.50 

0.13- 6.55 
0.85-17.17 

1.25 

3.71 



TABLE 4 

Physical composition 


TRIABLE GROUP 

NON-FRIABLE GROUP 

Sample 

Sands and 

Silt, da^ and 

Colloids by 

Sample 

Sands and 

Silt, cla^ and 

Colloids by 

number 

fine gravel 

colloids 

absorption 

number 

fine gravel 

colloids 

absorption 


percent 

percent 

percent 



jjjHQQHj 

per cent 

28126 

23.1 

76.9 

.... 

28109 



• • • t 

30514 

1.5 

98.5 

66.5 




.... 

30515 

0.7 

99.3 

82.0 

28111 

14.7 

85.3 

.... 

30516 

0.5 

99.5 

91.0 

28112 

11.7 

88.3 

• • • • 

30517 

0.6 

99.4 

86.0 

28123 

26.4 

73.6 

• • • • 

30557 

1.3 

98.7 

64.7 

28124 

21.1 

78.9 

• a • ■ 

30558 

3.1 

96.9 

61.2 

2814,8 

19.5 

80.5 

.... 

30559 

4.4 

95,6 

59.5 

28154 

48.0 

52.0 

.... 

30560 

6.0 

94.0 

58.3 

30522 

4.9 

95.1 

90.4 

30567 

2.9 

97.1 

75,4 


7.3 

92.7 

90? 

30568 

2.5 

97.5 

77.3 


maM 

82.9 

67.2 

30569 

1.1 

98.9 

80.3 

30534 


94.4 

74.5 

30570 

1.6 

98.4 

81.3 

30535 

5.0 

95.0 

83.2 

30571 

1.2 

98.8 

86.1 

30536 

7.8 

92.2 

71.0 


.... 

.... 

.«■ • 


.... 

.... 

.... 

30572 

1.7 

98.3 

87.2 


8.0 

92.0 

55.0 

30573 

2.4 

97.6 

49,7 

1 30654 

2.6 

97.4 

82.1 

30574 

4.3 

95,7 

36.6 


1.2 

98.8 

66.0 

30575 

4.4 

95.6 

41.7 

31222 

6.3 

93.7 

56.2 

30584 

0.7 

99.3 

71.0 


2.8 

97.2 

74.8 

30585 

1.2 

98.8 

66.9 

31224 

3.0 

97.0 

67.3 

30586 

4.9 

95.1 

90.5 


4.6 

95.4 

68.6 

30608 

22.6 

77.4 

75? 

31355 

•. ■ • 


.... 

30644 

5.5 

94.5 

79.9 

31356 

V • > • 


.... 

30645 

4.9 

95.1 

87.6 


.... 


.... 

Average. 

.... 

71.9 


.... 

.... 

72,7 


Another very friable clay found near Turrialba in eastern Costa Rica— 
Aragon day (tables 1 and S)—although showing no important textural differ- 
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entiation throughout that part of the profile above the section containing a 
small amount of incompletely decomposed rock particles, beginning at 13j 
feet (table 4), does show some color zonation (table 5). In this type it will 
be observed that there have been considerable reduction in the amount of silica 
present and an increase of alumina and iron from the surface down into the 
horizon containing partly decomposed rock particles (table 4). Within a depth 
of 13| feet the diminution of silica has been from approximately 30 per cent to 
5 per cent (table 1); and the increase of alumina and of iron (Fe 203 ) from 34 
to 47 and from 13 to 19 per cent, respectively. The bases (CaO, MgO, K 2 O, 
and Na 20 ) have decreased from an average of 0.6 per cent in the surface 40 
inches, to 0.3 per cent; phosphorous (P 2 O 6 ) has increased from 0.19 to 56 per 
cent; and organic matter has decreased from 7.2 to 0.47 per cent. 

DEGREE OF WEATHERING 

This type of weathering indicates that silica leaches from some land areas at 
a relatively faster rate than iron and alumina.® 

Weathering activities of the nature described above seem to be responsible 
for the development of the peculiar soil conditions found in these regions, and 
this t 3 ^e or degree of weathering undoubtedly accounts for the abundance of 
soils in the humid tropics, which have been described as laterites or as being 
lateritic. 

Clarke says in this connection (5, p, 488-490): 

In tropical and subtropical regions the processes of rock decay are often carried further 
than is usually the case within the temperate zones. The leaching is more complete, the 
silicates are more thoroughly decomposed, and the residues are richer in hydroxides. In 
India, for example, laige areas are covered by a red earth known as lateiite, which in some 
cases is undoubtedly a derivative in place of preexisting rocks, such as granite gneiss, basalt 
or diorite. In other cases the laterite is detrital in character and far distant from its place 
of origin. The term has been vaguely used, and as employed by different writers it has meant 
very different things. It has been applied to ferruginous clays, sediments, beds of iron ore, 
and products of volcanic action, and its formation has been attributed to a variety of causes 


* Clarke’s data (5, p. US) seem to show that the rivers of North America cany to the sea 
about 13 times as much silica as iron and alumina, whereas the lithosphere contains some¬ 
what less than 3 times as much silica as iron and alumina. As to what degree these results 
may need to be modified by possible failures to measure the amount of various constituents 
carried in colloidal suspension (17) is not known. 

Some soils show under the microscope the presence of secondary quartz. This is true of 
the highly quartzose soil occurring in the sandy savanas of Northeastern Nicaragua (deter¬ 
mined by W. H, Fry, Bureau of Soils). Just what conditions are most favorable to leaching 
out of silica and to development of secondary quartz, and as to what the quantitative relation 
is between removal and accumulation of this material, are facts which are probably un¬ 
known. Merrill has pointed out (12) that in certain rocks, such as the siliceous crystal¬ 
lines, diorite, and some of the diabases, iron and alumina are less subject to removal by 
leaching than silica. 

It has been shown that soil colloids of dry regions are higher in silica than the colloids of 
wet-region soils (14). 
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.... wliatever its derivation .... true laterite is essentially a mixture of ferric 
hydroxide, aluminum hydroxide and free silica in varying proportions. To laterite in situ 
this statement applies very closely; detrital laterite is usually contaminated by admixtures 
of clay. Just as in the formation of kaolin, the process of lateritization may be complete or 
partial; the typical product appears only when the alteration of the parent rock has gone 
on to the end. Then the silicates seem to be completely broken down, whereas in kaoliniza- 
tion a stable, hydrous silicate remains. A careful reduction of the data leads to the supposi¬ 
tion that the residual substance is a mixture of gibbsite, AlOaHs; diaspore, AIO2H; and limon- 
ite, FeaHeOg. In short, laterite is identical in t3T)e with bauxite, and is merely an iron-rich 
variety of the latter. Between aluminous beauxite and the iron compound limonite all sorts 
of mixtures may occur. 

There is much in the literature that relates to lateritic soils, but a discussion 
of this is not deemed pertinent to this paper which does not propose to define 
lateritic soils, although dealing with material some of which appears to cor¬ 
respond closely with soils that some investigators have described as being 
lateritic. 


SIGNIFICANCE OE THE SILICA.* IRON PLUS ALUMINA RATIO 

If the soils, whose compositions have been determined, be grouped into two 
groups so that the members of one group will show a molecular ratio of silica 
to combined alumina and iron oxide less than 2 and the other more than 2, 
it is found that such a grouping is approximately identical with one made on 
the basis of friability and plasticity—^the non-friable group has a ratio greater 
than 2, the friable group less than 2. 

SiOs 

In using the ratio whole soil it is admitted as an obvious 

fact that the relation of the physical properties of the soil and its composition 
may be of significance only for those classes which are high in clay and low in 
such discrete particles as quartz. The highly quartzose soils mostly belong in 
the very sandy group, which normally is characterized by high friability—unless 
it should be better in this instance to use the term “incoherency” or ‘‘looseness” 
as distinguished from friableness, in that the former term implies ready separa¬ 
tion of the individual grains, whereas the latter term implies aggregation of the 
particles where the binding force is short of a state of marked hardness or 
consolidation. To what limit the content of intact mineral fragments large 
enough to exert a pronounced physical influence may extend without causing 
too great vitiation in the significance of the comparisons has not been deter¬ 
mined, and need not be insofar as it vitally affects the meaning of indicated 
trends in soils of the kind found in many parts of Central America, since it is 
known that many of these are extremely low in gritty material, Most of the 
types under discussion contain no visible quartz or other hard grains. All 
but two of the samples of the friable soil group contain less than 7 per cent of 
sands, four have less than 1 per cent, and the average is 2.6 per cent, not in¬ 
cluding the two samples referred to, which contain approximately 23 per cent 
each (see table 4). Probably there is not much free primary quartz in the 
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finer constituents, since many of the soils come from basic igneous rocks, 
containing little or no quartz, hlineralogical analyses of the surface and sub¬ 
layers of the Arraijdn clay (samples 30S14 and 30515) have shown that the 
determinable minerals constitute only a trace of mica in the silt separate. 
Also only a trace of mica was found in the Columbiana clay, which is one of the 
most representative members of the group of friable soils. 

Returning to the profile of the Aragon clay (see table 1) we find that the 
material of the entire section (samples 30567 to 30573 indxisive) above the zone 
of extremely low silica content is very friable and permeable. Below the zone 
of lowest silica, the material (sample 30575) shows what appears to be the 
effects of less intensive weathering, as measured by the silica : iron plus alumina 
ratio, that is 1.6 as against an average of .55 in the four horizons above. 
Farther down, the material of the “rotten rock” zone (sample 30576) indi¬ 
cates still greater diminution in the intensity of weathering, and according to 
the ratio employed above, belongs in the class of soil materials having properties 
opposite to those of the friable group, although this particular material is not 
very plastic and with removal of the discrete particles probably would fit 
into the friable group. 

So deeply has weathering extended in the locality that the exact nature of 
the parent rock can not be readily determined in many places, although it 
probably belongs to the basic igneous group, along with some admixture of 
volcanic ash. In any case a study of the profile of the Aragon day indicates 
that much silica has been lost in the weathering of the material lying above the 
zone containing an appredable amount of incompletely decomposed parent 
rock partides, whereas the iron and alumina have shown a gain, both in pro¬ 
portion to the silica of this highly weathered material and to the amount of 
iron and alumina contained in the less modified zone beneath. Just why there 
is a decrease of silica downward is not understood. Accumulating colluvial 
material may have had something to do with this, or optimum conditions for 
removal of the silica and accumulation of iron and alumina may have existed 
in the lower layers. The Columbiana soil which is a good illustration of in¬ 
tense weathering, does not show a similar downward decrease of silica and an 
increase of iron and alumina (see table 1). 

GROUP l: TRIABLE SOILS 

Table 1 shows the chemical composition of 24 fine-textured soils (including sub¬ 
strata) from humid tropical Central America, grouped on the basis of a molecular 

ratio of ; , ^ X —less than 2. Compared with most of the upland clay 
AbOs + FeaUa 

soils of humid United States, all of these soils are distinctly more friable in all 
parts of their profiles, and they are much more permeable and resistant to 
erosion. Compared with one another, those that are highest in iron and 
alumina and lowest in silica axe the more friable, permeable, and resistant to 
erosion. The material of the most friable or the most weathered layers shows 
no visible swelling or shrinking at the extremes of moisture content. 
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end Pearl Lagoon, i 30645 Dlorite 7-60 R^ddish-bro^ Friable (moist) Good 
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This grouping seems to bring out a correlation between chemical composition 
and physical properties as carefully determined in the field (see table S). 
There is a range from 5 to 41.87 per cent of silica and from 31.19 to 66.72 per 
cent of combined iron and alumina in the group of friable soils (see table 3), 
and the averages for these constituents are 29.3 and 49.19 per cent, respectively. 
The extremes of these ranges point to soil properties of opposite characteristics: 

(a) To permeable, friable open soils, which show no perceptible volumetric changes with 
wetting and drying, in one direction—that of low silica and high iron and alumina, and (&) 
to non-friable, plastic or stifi soils, which shrink and crack on drying and swell to a correspond¬ 
ing degree with wetting, in the other direction—where the ratio of the constituents named are 
reversed. 

Table 5 shows some of the most outstanding physical properties of this 
group. 


GROUP n: PLASTIC SOILS 


Using the molecular ratio 


SiO, 

AI 2 O 8 "b Fe208 


= 2 or more, as a dividing line, 24 


other upland soils (including substrata) collected from the same humid-tropical 
region have been grouped into table 2 and designated as a group of non-friable 
or stiff soils. Most of these are daya, but they range to day loam and in one 
case to loam (see table 4). The average content of material coarser than silt 
in 18 of the samples is 9.4 per cent and the average of the colloids is 72.7, with 
a maximum, range to 90,4 per cent. In the group of more friable soils the aver¬ 
age of colloids is 71.9, with a maximum range of 91 per cent. 

In the main, these types are stiff and plastic, a few are brittle, and some are 
friable (see table 6). Jn some degree the friability of a few of the subsec¬ 
tions is due to the presence of incompletely decayed rock particles, induding 
some free quartz; but most of the stiff to plastic soils are as heavy textured as 
the most friable of the other group. Table 6 shows the most outstanding 
physical properties of this group. 

Taking the subsoil of the San Pablo day (sample 31356), as an example of 
extreme plastidty, we find in the field the material to be so extremely dense 
and impermeable that it retains its intimately associated water almost as ten- 
aceously as if it were water of combination. Under this condition the intersti¬ 
tial space is so choked that there is extreme retardation in the circulation of 
both water and air. In the dry season a shallow surface layer of this t3pe— 
that containing a fair supply of organic matter—cracks and recracks to form 
a loose or fine-fragmental soil, which becomes highly desiccated. Imme di- 
atdy beneath this parched layer the clay is moist and plastic throughout the 
diy season; yet deep-rooted crops such as orange trees, suffer severely or die 
on the type because they are unable to take suffident moisture out of the 
putty-like day. All crops wilt, parch, or die, showing unmistakably that 
the trouble is inadequacy of available moisture. 



TABLE 6 

Physical properties, pareftl malerial, and drainage of types largdy funhfriabU 
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DRAINAGE 

Good 

Fair 

Good 

Good 

Good 

Good 

Good 

Good 

1 

Moderately friable 
(moist) 

Slightly plastic (moist) 

Friable (moist) 

Friable (moist) 

Moderately friable, greasy 
feel (dry); plastic when 
moist 

Stiff and brittle; contains 
some quartz and schist 
particles (moist) 

Friable, contains some 
rock particles (moist) 

Friable, contains some 
mica flakes (moist) 

1 

Dark-brown 

Greenish-brown con¬ 
taining daric part¬ 
ly decomposed rock 

Brownish-red 

Red 

Light-brown 

Red 

Red 

Yellow 

DEPTH 

«- 00 so O 'O 'O 

U : S2SS 5 s 

1 

1 

Homblende-gabbro 

Homblende-gabbro 

Limestone 

Limestone 

Mica schist 

Mica schist 

Grano-diorite 

Mica schist 

POSITION 

Moderately 

steep, 

(about 

1.500 ft.) 

Steep (about 

2.500 ft) 

Steep (about 
2,500 ft.) 

Steep (about 

2.500 ft.) 

Steep (about 

3.500 ft.) 

Moderately 

steep 

11 

28109 

28110 

28111 

28112 

28123 

28124 

28148 

28154 

TTPE AMD LOCALITY 

■ L - J 4. ^ 1 

Lancatillal day loam. 
Near Lancadllal, near 
GuatemalarHbnduras 
boundary 

La Francia clay. 3 mi. 
S. La Franda, Hon- ^ 
duras 

Talladega day. Espi- 
ritu Santo, Honduras 

Tosentales day. 6 mi. 
N. Tosentales, Hon¬ 
duras 

Clmndlerloam. 5. mi. 
N. Tosentales, Hon¬ 
duras 















30522 Nearly flat Limestone 0-6 Brown Slightly crumbly (moist) 

(about 200 
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DRAINAGE 

Fair 

Fair 

Poor 

Poor 

CONSISTENCY 

Cracked into hard dods 
(dry); plastic when 
moist 

Plastic when moist 

Plastic when moist 

Compact 

Cracks into small hard 
dods (dry); plastic when 
moist 

Very plastic, sticky and 
dense (moist) 

> 

Brown 

Yellowish-brown 
some gray mot¬ 
tling 

Mottled bluish-gray 
and yellow 

Mottled yellowish- 
brown, yellow and 
bluish-gray, dark 
segregated iron 

Mottled brown and 
yellow 

Yellow 

DEPTH 

inches 

0-14 

14r-42 

42-120 

120-160 

0-7 

7-48 

I 

1 

Old alluvium 

Old alluvium 

Old alluvium 

Old alluvium 

Probably limestone 

Probably limestone 

POSITION 

Flattish hil¬ 
lock (about 
80 ft.) 

Flat depres¬ 
sion (about 
225 ft) 

SAUPLB 

NUMBER 

31222 

31223 

31224 

31225 

31355 

31356 

1 

I 

Vinces day. Vinces, ^ 
Ecuador 

San Pablo clay. Sum- ' 
mit, C. Z. 
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This soil is of limestone origin. It occupies a low position of poor drainage. 
In the wet season it is continuously water-logged and crops on it are seriously 
damaged by an excess of moisture. Weathering has been restricted to the 
surficial layer in this poorly aerated material. 

The molecular ratio of silica to combined iron and alumina for this type is 
4.6 in the soil and 2.8 in the subsoil. 

In general this group of soils approximates the physical properties of the 
San Pablo clay. Outstanding exceptions, as previously noted, appear to be 
due largely to an excess of hard rock particles; but some of the soils, such as 



samples 28111 and 28112, show a degree of friability that can not be accounted 
for solely by the presence of gritty material. If the basis of separating the 
soils had been on the amount and character of the contained colloids these 
friable types might have fallen into the opposite group. 

Figure 1 graphically represents the relation of silica, by percentage, to iron 
and alumina, with a gradational zone rather arbitrarily drawn to separate 
roughly the areas of friable and non-friable soils. 

RATIO OF IRON AND ALUMINA TO COMBINED WATER 

Figure 2, plotted from percentages,® shows the ratio of iron and al um i n a to 
combined water. On the basis of the samples for which the combined water 

® Loss on ignition less CO2 from carbonates, and less orgamc matter determined by weigh¬ 
ing CO2 evolved from combustion. 
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has been detennined, the graph indicates that this form of water is proportional 
to the iron and alumina content. It thus appears that the iron and alumina in 
these types at least are neither more nor less hydrated in the one group than 
in the other. Somewhere along the line of ascending values there is a point 
beyond which the soils are markedly friable and below which they are stiff, 
but this point seemingly does not necessarily noark any sharp break in the ratio. 

CONTENT OE BASES 


If the soils of the humic tropics have been severely leached in those types 
where weathering has been most intense, it would seem the content of lime, 



U S 7.t 10 lU 15 IX» 20 22« 25 

Percent or'CoMBiNSD H^O 

A Jitpruenn tamp/t of oxtnmely tatoritie ooil from Horthora Saam-a rtdsoH with lost then I’Aeiliea. 

Fig. 2. PERCENiA<m Rblahon or Ison and Aiuuqia io Coubined Waxes 

magnesia, soda, and potash should be relatively low. The average percentage 
of these four bases found in the friable group is 1.32 and the range is from 0.13 
to 6.55 against an average of 4.50 and a range of 0.85 to 17.17 in the group of 
stiff soils. The maximum range of bases in the former group goes up to 1.95 
per cent, with the exception of 3 samples. Figure 3, shows something of the 
general tendeangr in the percentage rdiation of iron and alumina to that of the 
combined mono- and divalsit bases. 

It has been shown that the physical properties of colloids vary somewhat 
with the character and amount of absorbed bases. In arid regions it may be 
possible that soils with a high content of sodium salts, for example, will show 
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more defilocculatioiL, plasticity, and imperviousness than the silica: iron plus 
alumina would indicate. 


RELATED NORTH AMERICAN SOILS 


Table 7 shows chemical analyses of a number of humid North American red 
to deep-red upland clay soils derived from rocks of the types corresponding to 
the parent rocks of many of the tropical soils discussed, such as basic igneous 
rocks, limestone, and granite. The friability of none of these is developed to 


the degree encountered in the tropical soils of low 


SiO« 

AlsOj -|- Fe203 


ratios de¬ 



scribed above; but the properties of the one having a molecular ratio 

777 :— : equals less than 2, that is the Davidson day loam, resemble 

AI2O3 + FeaOa ^ ' 

very dosely those of the highly friable dass of tropical soils. The Davidson 
day loam is locally known as “push land” because the crumbly material does 
not scour well over the moldboard of plows. Exactly the same property is 
exhibited by the well-defined friable Colxunbiana day of eastern Costa Rica. 
Both types in the moist condition adhere to the plow share apparently more 
from force of impact than from mere stickiness, since neither soil is especially 
sticky (the Columbiana clay shows almost no stickiness). The Davidson day 
loam is so crumbly that the plow simply pushes it aside instead of turning a 
more or less firm furrow-slice. The same thing is true of the Columbiana day. 




TABLE 7 

Chemical analyses cf granite^ limestone and basic igneous soils from humid Southeastern United States 
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It will be noticed that some of the Cecil t 3 ?pes approach the less-than 2 
silica:iron plus alumina ratio. One of the properties of the Cecil is that it 
swells but little on wetting and shrinks but slightly on (hying, cracks of con¬ 
siderable size rarely being seen, even in highly desiccated sectional exposures. 
This, as pointed out, is also one of the properties of the highly friable tropical 
soils. The red limestone clayey soils (Decatur) of eastern Tennessee and north¬ 
ern Alabama are related in their properties to the friable soils of the Tropics, 
as are also the red “iron-ore lands” of northeast Texas. 

Most of the soils of table 7 are much more friable than most of those of the 
tropicial types of high molecular silica:iron plus alumina ratio, not because 
they contain more gritty material, but for some other reason, which may be 
due to the effect of more intense weathering. It would be interesting in this 
coimection to compare the very plastic Iredell day of the Piedmont region of 
southeastern United States, a basic igneous rock soil, with the similar highly 
plastic subsoil of the San Pablo clay; but complete chemical analyses are not 
available for the former type. 

This point will not be discussed further than to observe that it indicates 
that similar processes of weathering are going on in the tropics and in parts of 
southeastern United States—^Ihat the prindpal difference seems to be not so 
much in the kind of weathering as in the degree of weathering, that of the humid 
tropics being much more intense in many instances. 

In this connection it may be added, by way of illustration, that the shallow 
mica-schist soils of Northern Honduras essentially are duplicates, both physi¬ 
cally and chemically, of the mica-schist soils (Talledega) of the southern ex¬ 
tension of the Blue Ridge Mountains of the United States, and that the highly 
quartzose soils of the northeastern Nicaraguan “sandy savanas” indude soils 
which are typical of the Florida Flatwoods, such as the St. Johns, Plummer, 
and Norfolk sands. 


GENERAL CONCLUSIONS 

It is believed that investigations in this field of soil study hold out promis¬ 
ing results, not only from the standpoint of sdentific interest, but possibly also 
from the practical standpoint. Enough has been pointed out to show that all 
soils of extremdy fine texture do not behave physically in the same way. One 
type of clay shrinks little or none with wetting and drying, and another swells 
and Rhnuks greatly. The latter type is of the plastic group of soils which are 
so impervious in the extreme cases as to have very poor drainage and aeration. 
It is the clay of this last group that may be expected to give most trouble as 
subgrade material in building highways, and it is soil of this kind that is most 
difficult to cultivate. If some ready means could be devised for distingui sh i n g 
between these types of (day by those not generally familiar with methods of 
identifying soil types, here might be something of value to the highway engineer 
in determining the quality of a doubtful day soil for a road subgrade. 
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The pictui 0 was taken about 9 a.m. It had been raining all the morning and every day 
for a week or more previously, yet this extreme^ fine-grained soil was turning up into an 
excellent ciumbly tilth and showed almost no stickinesb. 
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INFLUENCE OF FORM, SOIL-ZONE, AND FINENESS OF LIME 
AND MAGNESIA INCORPORATIONS UPON OUTGO OF 
CALCIUM AND MAGNESIUMi 

W.H.MAClNTrRE« 

University of Tennessee Agricultural Experiment Station 
Reodvfid foe poblication October 26. 1925 

The immediate and continued effects of economic additions of lime are 
influenced by several factors. Biological activation may deplete the additions 
through the formation of the more readily leached neutral salts. The speed 
and nature of the absorption reactions determine the persistence of carbonates 
and the formation of non-carbonate residues, the nature of which influences 
the future availability of the unleached fractions. Recently it has been 
pointed out (4) that the non-carbonate residues apparently become progres¬ 
sively more tenaciously fixed in the soil through the process of aging. These 
factors are themselves affected by the relative fineness and solubility of the 
additions and the method of their incorporation, and by the amount and 
periodicity of rainfall. 

This article deals with the leachings of calcium and magnesium from a fallow 
brown loam during a 4-year period. Chemically equivalent additions of 
Ca(OH) 2 , four separates, and a composite of both high-calcic limestone and 
dolomite were made in a 34-tank installation. Influence of su>ne of incorpora^ 
Hon is also included as a major consideration, 

EXPERIMENXAL 

The results given were obtained by analyses of leachings, collection of 
which was determined by the distribution of annual rainfall All additions 
were made at the constant equivalence of 2,000 pounds of CaO, or 3,570 
pounds of CaCOa, per 2,000,000 pounds of soil, moisture-free basis. In one 
series the additions were made only to the upper half, or zone, of surface soil, 
whereas in a second series the additions were incorporated only with the lower 
half, or zone. Details as to soil, chemical and mechanical analyses of addi* 
tions, and illustrations of the lysimeter iostallations are given in a previous 

1 The results were obtained by the use of equipment donated by the American Limestone 
Company of Knoxville and through a fellowship endowment maintained by the National 
Lime Association. 

* The analyses for the first two years were made by Mr, Hanvey Stanford, while those the 
third and fourth years were made respectively by Mr. T. D. Harden and Dr. R. M. Barnette, 
all formerly fellowship assistants at t^ Station. 
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TABLE 1 

Total calcium leached during 4 years from surface-zone additions of 2000 pounds of CaO and equivalent Utnestone and dolomite separates 

CaCOi-equivalent per 2,000,000 pounds of moisture-free loam soil 
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TABLE 2 

Total calcium leached during 4 years from subsurface-zone additions of 2fl00 pouftds of CaO and equivalent dolomite separates 
CaCO*-equivaIent per 2,000,000 pounds of moisture-free loam soil 


EITECT OF CAICIDM AND MAGNESIttli ON SOIL LEACHINGS: I 
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Total magnesium leached during 4-years from surfacesone additions of 2fiOO pounds of CaO and equivalent limestone and dolomite sepofotes 

CaCOj-cquivalent per 2,000,000 pounds of moisture-free loam soil 
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TABLE 6 

Total calctum^magnesium leached during 4 years from subsutface-aone additions of 2,000 pounds of CaO and equivalent limestone and dolomite separates 

CaCOrequivalent per 2,000,000 pounds moisture-£ree loam soil 
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contribution (S). The calcium and magnesium contents of the rainfall have 
been determined over a period of years (2); but these are considered as bemg 
included in the outgo from the two controls, the results from which are 
averaged. 

DISCUSSION 

The findings are given in tables 1 to 6, in terms of CaCOs-equivalence per 
2,000,000 pounds of moisture-free soil for each collection during each annual 
period and for the 4-year period. The averaged amount of calcium lost from 
the controls for the 4-year period was deducted from the outgo from each 
treated tank to give the increase attributable to the addition. Each amount 
so found is expressed both as poiuids and as percentage of calcium content of 
the addition. The magnesium results are expressed in the same manner. 
The hydrated lime was so pure that its meagre content of magnesium could 
be disregarded. The precipitations for the four years, 1921-1925, were 52.52, 
52.03, 46.99, and 39.25 incies, respectively. 

Calcium otdgo 

Surface-zone additions ,—^The untreated soil was acid and devoid of carbon¬ 
ates, so that the total calcium outgo from the controls is considered as having 
been derived from the hydrol 5 ^s of the native calcium silicates and by the 
neutralization of biological end-products (table 1). Such neutralization 
might be effected either by bicarbonates evolved through hydrolysis, or by 
direct action of the biologically-induced adds upon the silicate complexes. 
The total CaCOrequivalent outgo of 898 pounds from the controls for the 
4-year period represents 10 per cent of the 0.4495 per cent CaCOrequivalent 
of the total non-carbonate CaO content. From previous studies upon the 
same soil (1) it may be stated that the full increase in outgo from the Ca(OH )2 
addition was derived from the hydrolysis of absorption complexes formed 
within a period of 10 days. Those absorption compoimds were derived in 
part from the direct combination of add-reacting materials and Ca(OH )2 
and in part from their subsequent reaction with the CaCOs derived from 
that part of the hydrate addition which was not directly absorbed. A 
sunilar speedy fixation may be attributed to the finer limestone separates; 
but a previous contribution (5) has shown that considerable carbonate resi¬ 
dues from the coarser separates were still present after 4 years. The increases 
in outgo in those instances are therefore considered as having been derived 
jointly from hydrolysis of absorption compounds and from solution of car¬ 
bonate residuals. 

The extent of disintegration of the limestone additions in the surface zone 
should be gauged by the previoudy reported carbonate study (5), rather 
than by the increased calcium content of the leachings. These are subject 
to the absorptive action of the unsaturated subsurface zone which tends to 
cause a uniform calcium outgo; therefore, in 11 of the 12 comparisons between 
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the first annual losses from the controls and those from Ca(OH )2 and lime¬ 
stone and dolomite groups the differences due to additions are all less than 55 
pounds. The one exception is that of the hydrated lime treatment, 
which gave for the first year an increase of 186 pounds, or 76 per cent of the 
243-pound total for the 4-year period. 

The limestone and dolomite group average for the second year was 191 
pounds less than that for the first year, and also less than the group averages 
of the third and fourth years. The total calcium losses from both controls 
and treatments for the untial year were about twice as large as those for either 
of the succeeding annual periods. Enhanced biological activities, as a result 
of the aeration incident to screening and mixing before placement, are thus 
reflected, irrespective of additions. This phase of the subject will be con¬ 
sidered in a subsequent contribution. 

But in spite of the equalizing action of the untreated subsurface zone the 
the effects of form and fineness are registered in all of the 4-year totals and 
in many of the losses for the annual periods. The greatest increase in outgo 
through the full soil depth for the 4-year period was obtained from the hy¬ 
drated Arne, yet this increase of 243 pounds is only 6.8 per cent of the 
addition. For the limestone group the maximum increase in outgo was 200 
pounds, or 5.8 per cent of the addition. This increase was obtained from 
both of the two finer separates, 40~80-mesh and 80-200-mesh. The actual 
outgo of calcium in each of the 4 dolomite separates was less than that from 
its corresponding limestone separate, but the results are magnified when 
expressed in percentage on the basis of the lesser occurrence of CaCQs in the 
dolomite. 

Sttbsurface-zone additions .—^The annual calcium outgo from each of the 
several subsurface-zone additions was greatest during the first year and, with 
the exception of that from the 10-20-mesh dolomite separate, every annual 
outgo gave a progressive decrease thereafter (table 2). In the absence of 
opportunity for absorption after movement of the free-soil water from the 
zone of treatment, direct determinations of the differences caused by varia¬ 
tion in form and fineness of materials are recorded. All treatments show 
consistent inaeases in calcium outgo for annual and total periods, although 
the effect of the greater solubility of the hydrated lime and the influence 
of fineness upon solution and disintegration of both limestone and dolomite 
separates are more definitely shown. The greater availability of the hy¬ 
drated lime, or its greater yield of total calcium salts, is especially marked 
during the first year. The increased outgo of 707 pounds during that year 
was equivalent to nearly 60 per cent of the outgo during the full 4-year period. 
Although the hydrate addition gave the maximum outgo for the first year, 
the 80-200-mesh limestone separate gave a greater outgo during each of the 
succeeding 3 years, so that the increases from hydrated lime and 80-200- 
mesh additions for the 4-year period were practically identical, namely, 33 per 
cent. To only a sli^tly less extent was the same true also for the increase 
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of 31.7 per cent from the 40-80-mesh limestone. The order of increase over 
the control-outgo was in accord with the increase in fineness of separates. 

The calcium losses from the low-calcium dolomite group were imiformly 
less than those from the limestone group, but the influence of fineness upon 



a durfaoa> 2 one Ihoorporations 
Sub8urffto6*3oa8 tooorpor&tions 

Fzg. 1. Total Calcidm Outgo in Excess oe That erom Loam Controls during 4 Years 
AS A Result oe 2000-poxjnd CaO-EquiVAiENT Additions oe Ca(OH )2 and 
Limestone and Dolomite Separates oe 10-20-, 20-40-, 40-80- and 
80-200-mesh Fineness-Sureace-zone and Subsureace-zone 
Incorporations 

Terms of CaCOrequivalence per 2,000,000 pounds of soil, moisture-free basis 


outgo is especially marked. The annual recoveries from the 10-20-mesh 
sq)arate were slightly less than those from the control for 2 years and slightly 
more for the other two annual periods, with a 4-year difference of only 1 
pound. Though inactive for the first annual period, the 20-40-mesh separate 
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gave increases for the succeeding 3 years. The differences between the 
losses from the controls and those from the two finer separates were quite 
appreciable for each of the 4 annual periods. It wiU be remembered that the 
calcium losses from the dolomite series, with a maximum increase of 20.7 
per cent for the finest subdivision, are calculated on the basis of the CaCOs 
content of the dolomite. 

In comparing the increased losses from the subsurface-zone additions with 
corresponding losses from the surface-zone additions, it is evident that the 



Fig. 2. Total Magnesium Outgo in Variance from that of Loam Controls during 4 
Years as a Result of 2000-pound CaO-EquivALENT Additions of Ca(OH)t and 
Limestone and Dolomite Separates of 10-20-, 20-40-, 40-^0- and 
80-200-Mesh Fineness—Surface-zone and Subsurface-zone 
Incorporations 

Terms of CaCOs-equivalence per 2,000,000 pounds of soil, moisture-free basis 

deeper incorporations yielded a higher calcium content to the leachings in 
every case. These differences were greatest, 26.3 per cent and 27.2 per cent, 
respectively, for the hydrated lime and for the 80-200-mesh limestone. 
Partial absorption from the calcium-impregnated leachings during their move¬ 
ment through the layer of untreated soil is one factor responsible for these 
consistent differences; but, in addition, previously reported results (S) upon 
carbonate residuals demonstrated that the disintegration of carbonate addi¬ 
tions was more rapid and extensive in the lower zone. In the case of the 
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coarsest separate, the lower-zone incorporation gave a disintegration 8 times 
as great as that brought about by the same incorporation in the upper zone (5). 



Fig. 3. Total CALCimi-MACNESiw Outgo in Excess op that ihom Loam Controls 
DURING 4 Years as a Result op 2000-pound CaO-EQUiVALENT Additions op 
Ca(OH )2 AND Limestone and Dolomite Separates op 10-20-, 20-40,40- 
80- AND 80-200-MESH Fineness— SuRPACE-zoNE and Subsurface- 
zone Incorporations 

Terms of CaCOrequivalence per 2,000,000 pounds of soil, moisture-free basis 


Surface-zone addiiions .—^The 4-year magnesium outgo from the untreated 
carbonate-free add control was equivalent to only 336 pounds of CaCOj, as 
compared with a 898-pound CaCOs-equivalence of caldum (table 3). Ulti¬ 
mate analyses of the soil used showed that the total CaO content of 0.2517 
per cent was equivalent to 8990 pounds of CaCX)8, whereas the MgO con- 











EFFECT OF CALCIUM AND MAGlSIEStUM ON SOIL LEACHINGS: I 389 


tent of 0.4116 per cent was equivalent to 20,440 pounds of CaCOs- From 
this it is seen that the native magnesium was very much more firmly fixed. 

With the exception of the outgo from the hydrated lime treatment during 
the first year, there was no appreciable increase in magnesium outgo. Pre¬ 
viously reported findings (4) from full-depth lime additions to the same soil 
showed a repression of magnesium outgo and the same finding appears for the 
subsurface-zone incorporations of table 4. It would seem, therefore, that 
the increased magnesium content from the hydrated lime during the 
initial year may be attributed to interchange exerted by surface-zone-derived 
neutral calcic salts during their passage through the untreated subsurface zone. 
The differences in magnesium outgo from the limestone series are small, vary¬ 
ing from plus to minus, with only 3 small plus gains for 4-year totals, the 
maximum being only 10 per cent of the magnesium carbonate impurity of 
the limestone. 

The annual and 4-year magnesium totals from the dolomite series are 
small, and the 4 plus totals represent but small fractions—a maximum of 3,2 
per cent—of the magnesium content of the dolomite additions. The part of 
the added magnesium carbonate which was disintegrated was either held in 
the upper zone of treatment, or passing to the lower zone, it was there absorbed. 

Subsurface-zone additions .—^During 3 of the 4 years the hydrated lime 
caused a repression of magnesium outgo from the zone where calcium was in 
excess (table 4). This is in accord with our previous findings (4). 

In the limestone group there were small increases in outgo for the 5 treat¬ 
ments during the first 2 years; but the reverse was true with one exception 
during the second 2 years. The four totals which gave plus quantities are 
all small and since they represent mere fractions of the magnesium carbonate 
content of the added limestone, which had fully disintegrated in two cases, 
it is evident that none of the native magnesium was forced into the leachings 
by interchange. 

The annual amounts of magnesium commg from the slowly disintegrating 
10-20-mesh dolomite separate were, in order, only 9, 39, 56, and SO poimds. 
The other separates yielded larger quantities for annuals and totals in general 
accord with the order of fineness. 

In comparing the magnesium increases derived from surface and subsurface 
additions, every annual and each total period shows a greater outgo from the 
subsurface-zone additions. The maximum difference of 31 2 per cent of 
the added MgCOs was obtained from the 80-200-mesh dolomite separate. 

Total cakium-magnesiim 

Surface-zone additions .—^The difference in zone of incorporation involves 
either the factor of basic interchange, or the reverse factor of “reciprocal 
repression” (3, 4). It is therefore necessary to consider the total caldum- 
magnesium outgo. This is done in tables 5 and 6 for the surface-zone and sub¬ 
surface-zone incorporations, respectively. In these tables the full value of 
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3,570 pounds CaCOs-equivalence (2,000 pounds of CaO) of additions is used 
as the basis of calculation for both high-calcic and dolomitic materials. 

The caldum-magnesium losses from controls and those from hydrated lime 
are practically identical for the third and fourth years; but the larger in¬ 
crease from the hydrated lime during the fbrst year and the smaller for 
the second give an aggregate equivalent to 7.6 per cent of the addition. 

In 10 of the high-caldc limestone additions to the tanks the magnesium 
impurity represents an appredable aggregate, whereas in the 10 dolomite 
additions the caldum and magnesium carbonates are in near-equivalence. 
Neither annual nor total caldum-magnesium losses from the coarser high- 
caldc limestone differ greatly from those yielded by the controls; but, with 
increasing fineness, there is a definite increase in outgo. The orders of fine¬ 
ness and of increased outgo are parallel, but, as a result of the absorptive 
action of the untreated subsurface zone the maximum loss, that from the 
80-200-mesh separate, is only 6.3 per cent of the addition. In slightly less 
degree, the same may be said of the corresponding dolomite separates. 

Subsuffacerzone additions.—Tht hydrated lime gave the greatest cal¬ 
dum-magnesium outgo of 1148 pounds, or 32.2 per cent of the addition 
(table 6). As a result of the minus quantity of magnesium, due to the 
repression of magnesium solubility and an outgo less than that from the con¬ 
trols, the total caldum-naagnesium loss is less than the total outgo of caldum. 

With the exception of the 10-20-mesh dolomite separate for the first year, 
all additions registered an appredable increased annual outgo. The maxi¬ 
mum caldum-magnesium outgo from the Ca(OH )2 addition was dosely 
followed in order by limestone of 80-200-mesh and of 40-80-mesh and by 
dolomite of 80-200-mesh fineness with 1133 pounds, 1098 pounds, and 1013 
pounds, respectively, or 31.7 per cent, 30.8 per cent, and 28.4 per cent. When 
thus incorporated, it would appear that, for the 4-year period, the hydrated 
lime, two finer limestone separates, and the finest dolomite separates may 
be considered of about equivalent values. As the two limestone separates 
increase in size, the disintegration, or greater solubility, of the high-caldc 
limestone is more pronouncedly shown. 

In each of 54 of the 55 annual and total comparisons between increases from 
surface-zone and subsurface-zone incorporations, the latter shows the greater 
outgo. 

Taken as a whole, imder all conditions, the results from the composites 
may be said to conform most dosely to the responses from the 20-40-mesh 
separates. 

SUJOIARY 

Results are given from a 4-year study with a 34-unit lysimeter installation 
to determine the infliuence of form, soU-zone and fineness of lime and magnesia 
incorporations upon the outgo of caldum and magnesium from a constant 
equivalent of 2,000 pounds of CaO. 

The maximum increase in caldum outgo from surface-zone incorporations 
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during 4 years was only 6.8 per cent of the addition and although some in* 
fluence of form and fineness was recorded, the untreated subsurface zone 
tended to produce a uniform outgo. 

In the absence of the retardative effect of a layer of untreated soil, the 
lower zone incorporations gave a maximum increased outgo of 33 per cent of 
the addition. Although the hydrated lime gave the greatest outgo during 
the first year—about 60 per cent of its total—^its final increase was almost 
identical with the increases from the two finer limestone separates. 

The losses from the high-calcic additions during the first year were uni¬ 
formly maximum with decided decreases for the next three years for both 
zones. The differences due to fineness, zone, and time were not so great for 
the dolomite additions, but they showed positive effects from the imposed 
conditions. 

There was a very little difference between the magnesia outgo from the 
controls and the losses from either limestone or dolomite additions to the 
surface zone The losses from the subsurface-zone incorporations were con¬ 
sistently greater than those from the surface zone incorporations. Both 
zones generally gave the maximum annual outgo during the first year. The 
influence of fineness of dolomite separates was especially marked in the sub¬ 
surface outgo for both annual and 4-year periods. 

In the case of the completely disintegrated finer limestone separates in the 
subsurface zone, there was no increased magnesium outgo from the decom¬ 
position of the magnesium content of the limestone. 

Repressed magnesia solubility was indicated by the high-calcic additions 
to the lower zone. 

The total caldum-magnesium leachings from the surface-zone incorporations 
were small, comparable for limestone and dolomite, and related to the degree 
of fineness. 

The total calcium-magnesia leachings from the subsurface-zone incorpora¬ 
tions were uniformly greater than those from the surface-zone incorporations. 
Limestone separates gave totals uniformly higher than those from the cor¬ 
responding dolomite separates, the disparity decreasing with increasing fine¬ 
ness, The total outgo from Ca(OH )2 and that from 100-mesh limestone 
and dolomite were almost identical. 
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THE USE OF OAT STRAW IN A SYSTEM OF SOIL FERTILITY 
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The results of many experiments (1, 2, 5, 10, 13, 14, IS, 17, 18, and 19) 
indicate that the addition of straw to a soil will decrease the growth and yield 
of the succeeding crop. There are, however, a few instances (3, 4, 5, and 12) 
where investigators have found that straw added to the soil has not caused a 
decrease in crop growth and that in some cases beneficial effects have been 
secured. 

Sufficient evidence has been produced to prove that the detrimental effect 
of straw generally evidenced on the growth of the succeeding crop is due to a 
decrease in available nitrogen, which is utilized by the organisms involved in 
the decomposition of the straw, and, if nitrogen is the limiting factor in crop 
production, a decrease in growth results. 

Several methods of overcoming this difficulty have been suggested, such as 
plowing the straw under in the early fall so that some decomposition will occur 
before the crop is planted the following season; adding sodium nitrate or am¬ 
monium sulfate in amounts large enough to furnish available nitrogen for the 
organisms which decompose the cellulose and carbohydrate material in the 
straw; or applying the straw to a legume crop before the latter is plowed under. 
The latter practice has been followed in the management of the crop residue 
plots at this station for several years. 

EXPERIMENTAL 

Since so much data have been published on the harmful effects of various 
kinds of straw, it seemed advisable to study the problem further and to 
determine under what conditions oat straw can be returned to the soil without 
interfering with the growth and 5 deld of succeeding crops. The chief criticism 
of many of the experiments which have been conducted, is that the rates of 
application of the straw were much heavier than the amount of straw produced 
by an acre of grain. Considerable variation in yield of straw is secured on 
different soils and also from different kinds and varieties of grain grown on the 
same soil, consequently it is very difficult to select any definite amoimt of 
straw as repre.sentative of all conditions. The variation in yield of oat straw 
at this station is from i to 1 ton per acre. Communications from several of the 

1 The authors wish to thank Dr. P. E. Brown for helpful suggestions received in connection 
with this study. 
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agricultural experiment stations in the corn belt give the following yields of 
straw from small grain; Indiana—oats | to 1 ton, wheat and rye about 1| tons; 
Illinois—oats | to tons, wheat 2^ tons; and Missouri—oats 2| tons, wheat 
If tons. 

Since under most conditions some straw is utilized in farmyard manure, the 
rate of application of straw if it were returned to the soil on which it was grown, 
except under a strictly grain system of farming, would be less than the yield of 
straw per acre. In this experiment applications of oat straw at rates of | and 
1 ton per acre were used because these amounts, according to the data ob¬ 
tained, are not far from the average 3 deld in this state and in adjoining states 
except Missouri. 

Three different soil types were used in the investigation. All of these soils 
are of glacial origin, and the type name, reaction, total nitrogen, and organic 
carbon content of each soil are given in table 1. 


TABLE 1 

Total nitrogen and organic carbon content and the reaction of tJie soils ttsed 


son. TYPE 

TOTAL N PER 
2,000,000 
POUNDS OF SOIL 

TOTAL ORGANIC 
CARBON PER 
2,000,000 
POUNDS OF SOIL 

REACTION 

Webster silt loam. 

Pounds 

6,600 

2,800 

2,000 

pounds 

67,200 

Basic 

Neutral 

Medium acid 

Clarion loam. 

Carrington loam. 

43,000 



TABLE 2 


Total nitrogen and carbon cofUofit of tJte oat straWf red clover, and Iluham clover tised 


MATERIAL 

TOTAL NITROGEN 

TOTAL CARBON 



perceni 

Oat straw. 


40.0 

Red clover. 

HH 

41.0 

Hubam clover... 

■ol 

40.5 


GREENHOUSE STUDY 

Four-gallon pots were filled with the Webster silt loam and Carrington 
loam and treated with oat straw cut into 1 inch lengths at the rates of | and 1 
ton per acre. Red clover, Hubam clover (annual white sweet clover), sodium 
nitrate, and ammonium sulfate were added to various pots in combination 
with the straw. The red clover and Hubam clover were applied at the rates of 
§ and 1 ton per acre with the straw and were mixed thoroughly with the soil. 
The sodium nitrate and ammonium sulfate were added to the dry straw before 
it was mixed with the soilsothat these salts would be in immediate contact with 
the straw and would aid in its decomposition by furnishing available nitrogen 
for the microorganisms. The analyses of the organic materials added are 
given in table 2. 























Ejfect of the addition of oat straw, alone and in combination with red clover, Huham clover, sodium nitrate, and ammonium sulfate, on the accutnulation 

of nitrate in Carrington loam and in Webster silt loam 
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NITRATE CONTENT OF SOIL 

May 12 

^.OO'O'OVOOOOCNOOO 

'^c50t^r^t^oooooooOQOt>« 

April 3 

■o, 

February 28 

* §3!SSS§f;S!82S § S S !3 S S S ig g 2? S S S3 

January 9 

^ oovoco»HO\:^e3<MQ»n t>.QNOvocse'^i>.t^NP<5vovo^ 

Tt<^fOfC^io^iOiO«^eoiovo 

i 

(4 

6 

% 

pounds 

i 

23.6 

46 2 

23.6 

46.2 

NaNOi 

pounds 

30.5 

61.0 

30.5 

61.0 

ll 

tons 

1 

1 

1 

Red 

clover 

^ Hw Hw |i4N H|W ^ 

Straw 

•4 

1 

None 

Stiaw 

Straw 

StiaW| red clover 

Straw, red clover 

Straw, NaNOs 

Straw, NaNOa 

Straw, (NHOsSOi 

Straw, (NH 4 )aS 04 

Red clover 

None 

Straw 

Straw 

Straw, red clover 

Straw, red clover 

Straw, Hubam clover 
Straw, Hubam clover 
Straw, NaNQ* 

Straw, NaNOi 

Straw, (NH 4 ) 2 S 04 

Straw, (NH 4 )iS 04 

Red clover 

Hubam clover 


SOIL TYPE 

Carrington 

loam 

Webster silt 
loam 
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The first series of greenhouse pots were kept fallow and the nitrate content 
of the soils receiving the various treatments was determined about every six 
weeks after the experiment was started. The results of these analyses are 
given in table 3. It is evident from these data that the accumulation of nitrate 
has not been retarded to any great extent by the addition of straw to these 
soils. 

In another experiment in which the straw was ground very fine, added to the 
Carrington loam, and incubated at 27®C. for different lengths of time, a con¬ 
siderable effect on the nitrate accumulation in the soil was produced. These 
data are given in table 4. 

TABLE 4 


EJfcct of findy ground oai straw applied ai different rates, and incubated for different lengths 
of time on the accumulalion of nitrate in Carrington loam 


XREATUEMT 

RATE PER 
ACRE 

TIME OF WCUBATION AX 27®C. 

2 weeks 
NasNOs 

4 weeks 
NasNO, 

6 weeks 
NdsNOa 

8 weeks 
NasNOi 


umt 

p.pm. 

pp,m. 

ppjtn. 

P.PM, 

None. 


14 

26 

40 

50 

Straw. 

i 

8 

18 

44 

SO 

Straw. 

11 

3 

13 

28 

40 

Straw. 

s 

0 

2 

7 

20 


TABLE 5 

Effect of oat straw on the growth of wheat when applied to Webster silt ham, alone and in 
combination with red and Huhani clover 


TREAXUENT 

RATE PER ACRE 

TOXAl YIELD 

Straw 

Red clover 

Hubam 

clover 

Green 

weight 

Dry 

weight 


tons 

tom 

tons 

sm- 

sm- 

None... 





74 

Straw. 

1 



— 

63 

Straw and red clover... 

1 

i 


— 

77 

Straw and Hubam clover. 

1 

1 

— 

81 

Red clover. 

j 


H9 

72 

Hubam clover. 


1 

162 

68 


The data given in table 4 agree with those of many other investigators. 
Since straw is not finely ground or chopped up into short lengths when applied 
in the field, however, such data are of little value except to indicate what takes 
place in the soil in immediate contact with the straw. 

Another series of pots filled with Webster silt loam was treated at the same 
time as the series that was fallowed and planted to spring wheat. Throughout 
the growing period very little difference could be noticed among the various 
treatments. When the crop was harvested, it was evident that the straw 
alone had depressed the growth of the crop slightly. The results of this experi¬ 
ment are given in table 5. 
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FIELD STUDIES 

Field investigations were conducted in connection with the greenhouse 
studies in the same soil types as are given in table 1. The effect of the addition 


TABLE 6 

Effect of the addition of straw to field plots, alone and in combination with alfalfa and 

Huham clover 


TREATUENT 

son TYPE 

KI1R0GE17 AS NIXRATB 

Ncv. 12, 
1924 

April 10, 
1925 

May 4, 
1925 

Alfalfa. 

Carrington loam 

PPm, 

8 

p.pM. 

16 

p.pM, 

62 

Alfalfa, straw. 

Carrington loam 

9 

13 

59 

Hubam clover. 

Webster silt loam 

7 

21 

58 

Hubam clover, straw. 

Webster silt loam 

3 

21 

45 


TABLE 7 

Effect of straw and straw mixed with Hubam clover on the accumulation of nitrate in soil in 
contact With the residue as compared with soil not in contact with ike residue 

NasNO> 


SOURCE 07 SOIL 



Webster silt loam 

Qaiicmloam 


P-PM, 

P-PM, 

Free from straw... 

99 

12.7 

Contact with straw. 

53 

8.7 

Contact with straw mixed with Hubam clover. 

113 

19.4 


TABLE 8 

Effect of straw on the yield of com when applied alone and in combination with red and 

Etibam clover 

Rate of appKcations given in tons per acre 


IRBATUBNT 

ICATERIALS APPLIED 

VXELDOE 

CORN 

PER ACRE 

Straw 

Red clover 

Hubam 

dover 





bushels 

None. 




69.7 

Red clover. . • 


i 


76.1 

Hubam clover... 



li 


Oat straw. . . 

i 


79.3 

Red clover s-nd oat $tmw. 

i 



76.1 

Hubam clover and oat straw. 

i 


H 

78.9 

None... 







1 


of straw in the fall, with and without legumes was studied in the first eq)eri- 
ment. The results are given in table 6. 

These soils were plowed in October. The alfalfa that was turned under 
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was the growth made after the third cutting, and was estimated at one-half 
ton per acre. The Hubam clover was the growth that occurred following 
winter wheat and was estimated at one and one-fourth ions per acre. Straw 
was applied at the rate of 1 Lon per acre. The analyses were made on com¬ 
posite samples, each of which was composed of 10 samples taken from different 
portions of each plot. These samples represented the surface 6 inches of soil 
and since only a portion was in contact with the layer of straw between the 
furrows, this soil did not represent the effect of the straw on the soil imme¬ 
diately in contact with it. Consequently on May 21, 1925 another group of 
samples was taken from the plots which had grown wheat and Hubam clover 
in 1924, and had received an application of straw, which was plowed under in 
October. In many places it was possible to secure straw from the layer which 
was turned under and which was not mixed with Hubam clover. Other 
bunches of straw contained a large amount of Hubam clover. In every place 
where a sample was taken from the soil in contact with the residues another 
sample was taken from the same furrow at a distance of about two to three 
inches from the residues which were plowed under. The results of these 
analyses were averaged and are given in table 7. 

The season was very dry and warm through April and May and much larger 
amounts of nitrate accumulated in field soils than is usually the case. There 
is no doubt, however, that the straw caused some reduction in nitrates in the 
soil that was in contact with it, but when Hubam clover was present, there was 
an increase in nitrates over the amount present in the soil that was not in 
contact with any residue. 

In order to determine more accurately what effect the straw has on the 
growth of crops, 7 field plots located on Carrington loam at the Agronomy Farm 
were treated with straw, red clover, and Hubam clover, alone and in combina¬ 
tion, and were planted to corn. The results of the first year are given in 
table 8, 

The differences in the yield of corn in this experiment do not indicate that 
oat straw has caused any decrease in the yield. The results of the yields 
secured from other plots to which straw is applied with the second crop of red 
clover and plowed under in the fall also, do not show any harmful effects due 
to the treatment. These results, however, do not apply to soils which have a 
low content of available nitrogen; before any final statement can be made, 
therefore, further investigation is necessary on the effect on such soils of the 
plowing under of straw with the second crop of red clover. 

SUMMARY 

The effect of applications of oat straw on the accumulation of nitrate in soils 
when applied alone and in combination with red clover, Hubam clover, sodium 
nitrate, and ammonium sulfate was studied under greenhouse conditions. 
The addition of oat straw to a Webster silt loam and to a Carrington loam 
did not appreciably affect the accumulation of nitrates in these soils. 
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Wheat was also grown on one series of pots filled with Webster silt loam. 
Although no effect of the various treatments was noticeable in the develop¬ 
ment of the plants, the soil treated with oat straw alone yielded less than 
untreated soil. 

A study of the nitrate accumulation in field soils to which oat straw had been 
applied and turned under with the second growth of red clover, Hubam clover, 
and alfalfa indicated that no retardation occurred except in that portion of the 
soil imm ediately in contact with straw which was not mixed with the legume. 

The effect of additions of oat straw alone and in combination with red clover 
and Hubam clover to a Carrington loam had no retarding effect on the growth 
and yield of com, 

CONCLUSIONS 

Without causing any injury to crop growth and yield, straw can be returned 
to many com belt soils by spreading it on the second growth of red clover, on 
Hubam clover (annual white sweet clover), or on biennial sweet clover and by 
plowing in the fall wherever possible. The rate of application should not 
exceed one to one and one-half tons per acre. 

The effect of large applications of straw on the growth of crops may be 
physical rather than biochemical since the straw reduces the nitrate content 
of only the soil in immediate contact with it. 
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Many deteminations of the salt content of streams and underground waters 
have been made, but little attempt has been made to determine the loss of 
various plant nutrient elements due to surface runoff. Some work concerning 
this matter has been done at the Missouri Experiment Station in coimection 
with the soil erosion studies which have been in progress for the past eight 
3?ears. A few determinations of the loss of nitrogen in the runoff water were 
given in an earlier report (2). This paper covers determinations made on 
the runoff water from the erosion plots having different cultural and crop 
treatments during the year May 1, 1924 to April 30, 1925. This must be 
considered as a progress report, since the samples are still being collected 
and further determinations will be made in the future. The year under con¬ 
sideration, however, is complete within itself. The rainfall during this time 
was somewhat above normal, being 45.2 inches whereas the average during the 
past eight years has been only 36.3 inches and that at Columbia diuing the 
past thirty-four years has been 37.6 inches. 

Most of the attention in this work has been given to the loss of those ele¬ 
ments which are considered of greatest importance from the standpoint of 
soil fertility. 


PLAN OP THE WORK 

Immediately after each rain, samples of the runoff water were drawn from 
each tank with a sampling tube, brought to the laboratory, and filtered through 
clay filters. Aliquots were taken and the samples stored for analysis. 
All the samples obtained during a 3-month period were composited in order 
to reduce the number of chemical determinations. For the most part the 
standard methods of water analysis as published by the American Public 
Health Association (1) were followed in this work. Other colorimetric 
methods were substituted for phosphorus. 

* Contribution from the Missouri Agricultural Experiment Station. Published by per¬ 
mission of the Director of the Station. 
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The treatments of the various plots in this experiment were as follows: 


Soil erosion experiments. Plan of treatments 


PLOT 


CROP 


SOIL IRCATUBNT 


1 

2 

3 

4 

5 

6 
7 


Soybeans since 1923 
Rye as winter cover crop 
No crop 

No crop 

Sod continually 
Wheat annually 

Rotation—corn, wheat, clover* 

Com annually 


Spaded 8 inches deep in spring and cultivated 

Hoed in fall before seeding rye 

Spaded 4 inches deep in spring and fallowed 
during season 

Spaded 8 inches deep in spring and fallowed 
during season 

Grass clipped and removed when necessary 

Spaded 8 inches deep in July and fallowed 
until October 

Spaded 8 inches deep before com, and hoed 
before wheat 

Spaded 8 inches deep in spring. Com cul¬ 
tivated 


* During the year in which the results in this paper are reported this plot was in wheat 
followed by clover. 


RESULTS 

The analysis of the nmoff from the various plots shows that the loss of 
soluble salts is a quantity worthy of consideration. The loss of plant-food 
materials is so large that it must be considered as one of the important means 
by which soils are depleted in certain of these elements. Table 1 shows that 
although the concentration is relatively low, the loss of mineral elements 
may make up a considerable proportion of the salt content found in our 
rivers. This fact becomes even more significant when we take into considera¬ 
tion the evaporation from stream water on its way to the sea. 

The determinations made by McHargue and Peter (4) on water samples 
taken near the mouth of the Mississippi River show a decidedly greater con¬ 
centration of calcium and magnesium than was present in the runoff from 
these plots, but the results with suMur and potassium are not so widely dif¬ 
ferent. The concentration of phosphorus is considerably higher in these 
samples than was reported by McHargue and Peter. 

The results with calcium and sulfur on the sample from plot 4, May 1 to 
Jime 23, 1924 seemed too high, but because the amount of sample was lim¬ 
ited, these determinations could not be repeated. The results of these two 
determinations, therefore, have not been included in table 2. 

When the results are calculated to pounds per acre, the significance of the 
losses from a practical standpomt becomes more apparent. Table 2 shows 
the loss of the mineral elements as well as of the four forms of nitrogen. The 
loss of nitrogen by this means seems to be very slight. Some change in or even 
loss of nitrogen from these samples might be due to their long period of storage. 
However, tests made on fresh samples showed only traces of soluble nitrogen. 
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Most of the dissolved nitrogen was in organic form and the amount of nitrate 
nitrogen was surprisingly small. Of the mineral elements calcium and sulfur 
alone are lost in suflicient quantities to be of much practical importance, as 
may be seen from table 3. Attention might be called to the fact that the loss 
of calcium from wheat land has been 18.618 pounds per acre, an amount ap¬ 
proximately three times that removed by the grain and straw of a 25-bushel 
wheat crop. The loss of calcium and sulfur from the uncropped fallow plots 
2 and 3 is noticeably higher than from the other plots. The loss of potassium 
was highest from plot 4, whereas plot 1 showed the greatest loss of phosphorus. 
The loss of potassium in the runoff water from plots 2, 3, and 4 was greater 
than the amount ordinarily supplied by average applications of commercial 
fertilizer. 

A comparison of tables 3 and 4 shows that the plant-food material lost in 
the form of soluble salts was small as compared with that lost in the solid 
material eroded from the plots that were cultivated a good portion of the year. 
On the other hand, the loss of plant-food material from sod land has been 
considerably greater in the form of soluble salts than in the eroded material. 

Although tables 3 and 4 do not cover the same years, it is believed that the 
losses reported in table 4 are reasonably representative of the average for the 
duration of the experiment. 


TOTAL souns 

The total amount of soluble salts lost in the runoff water from these plots 
has been remarkably high for certain plots. Table 5 shows the loss of soluble 
salts per acre in comparison with the solid material eroded from the plots 
during the same period of time. It will be seen that in all the cultivated 
plots the solid material eroded is much the greater source of total material 
loss, but in the case of the plot in bluegrass, the weight of salts lost is 59.76 
per cent of the weight of solid particles removed. From plot 6, which was in 
wheat followed by clover, the total loss of soluble salts was 6,96 per cent of 
the weight of sedimentary material removed. When the ignited salts are 
considered, approximately the same relation holds for the various plots. The 
relatively high loss of salts from plots 4 and 6 may be partly explained on the 
basis of results shown by LeClerc and Breazeale (3) who found that there may 
be a large amount of salts exuded from the surface of plant leaves and that 
these salts are washed off by rains. Plots 4 and 6 were covered with vegeta¬ 
tion during the entire year whereas the mature crops of soybeans, of wheat, 
and of com were removed from plots 1, 5, and 7 respectively. Plots 1 and 
S were then seeded to fall grains but the loss of salts from young plants is 
probably small as compared with olders ones. The grass on plot 4 is usually 
cut with a lawn mower and allowed to fall back on the plot. There is doubt¬ 
less a large loss of salts from this material. 

The percentage of the weight of soluble salts lost on ignition is greater in 
the case of plots 1,4, 5, and 6 which are kept in crops most of the time. The 
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TOTAl 

SOUDS 

IGNITED 

p.p.m, 

28.0 

23.5 
37.0 

46.0 

65.5 

38.0 

64.0 

42.5 

56.0 

33.5 

42.5 

87.0 

47.5 

lii 

p.p.m. 

92.0 

50.0 

85.0 

67.5 

142.5 

70.0 

100.0 

61.0 

136.0 

56.5 

65.5 

115.0 

78.0 


p,p,m, 

0.12 

0.25 

1.50 

0.63 

0.50 

0.30 

0.25 

0.25 

0.38 

0.3S 

0.25 

5.00 

0.50 

Vi 

p.p.m. 

2.82 

3.53 

4.00 

5.54 

8.63 

4.51 

7.58 

5.03 

4.09 

4.52 

6.58 

6.17 

7.73 

Na 

p.p.m. 

0.51 

0.79 

0.94 

0.38 

1.15 

0.77 

1.99 

1.95 

0.25 

1.71 

1.05 

0.40 

1.19 

M 

p.p.m. 

0.45 

0.45 

0.61 

6.76 

1.74 

4.15 

1.66 

1.83 

0.61 

1.55 

3.62 

0.35 

0.72 

Mg 

P.PM. 

0.29 

0.13 

0.09 

0.42 

0.32 

0.35 

1.00 

0.20 

Trace 

0.02 

0.20 

0.35 

0.76 

Ca 

p.p.m. 

5.60 

3.81 

5.00 

3.94 

6.51 

4.75 

8.20 

3.81 

6.30 

4.20 

6.09 

5.33 

7.56 


p,pM, 

N. S. 
Trace 

O. 08 

Trace 

N. S. 

O, 08 

0.08 

N.S. 

N. S. 

O. 08 

Trace 

N.S. 

N.S. 

S3 

p.pj». 

N. S.* 
Absent 
Absent 

O. 001 

N. S. 

Absent 

O. 004 

Absent 

N. S. 

Absent 

O. 001 

Absent 

Absent 

> 

N AS 
ORGANIC 

p.p.m 

0.833 

0.500 

1.083 

0.750 

0.833 

0.667 

0.413 

N. S. 

O. 500 

0.413 

0.750 

N. S. 

O. 583 

« 

C8 

p.pm, 

0.083 

0.042 

0.042 

0.125 

Absent 

Absent 

Absent 

N. S. 

O. 125 

Absent 

0.83 

N.S. 

Absent 

RDN-OFF 

161.28 

116.38 
330.05 

19.86 

167.85 

128.39 

425.30 

11.29 

157.70 

124.42 

170.64 

11.56 

268.04 

DATES OR 8A1CPL1NG 

May 1 to June 23,1924 

June 24 to July 31,1924 

August 1 to October 31, 
February 1 to April 30, 
1925 

November 1,1924 to Januarj' 
31,1925 

May 1 to June 23,1924 

June 24 to July 31,1924 

August 1 to October 31, 1 

February 1 to April 30, > 

1925 J 

November 1, 1924, to Janu¬ 
ary 31, 1925 

May 1 to June 23, 1924 

June 24 to July 31,1924 

August 1 to October 31,1924 

November 1, 1924, to Janu¬ 
ary 31, 1925 

February 1 to April 30,1924 

i 

Soybeans 

Spaded 4 
inches 

Spaded 8 
inches 
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§ 




:§ 

•%* 


TOTAL 

SOLIDS 

IGNITED 

22.550 

13.657 

60.981 

4.562 

101.750 

54.901 

24.363 

135.922 

2.396 

217.582 

44.099 

20.814 

36.215 

5.022 

63.578 

00 

cs 

% 

vl 

TOTAL 

SOLIDS 

(dry) 

74.094 

29.058 

140.092 

6.694 

249.938 

119.440 

44.879 

212.378 

3.439 

380.136 

107.099 

35.104 

55.813 

6.638 

104.402 

VO 


0.097 

0.145 

2.472 

0.062 

NO On fN ^ ^ 

NO vi On PO 

ra o O o d 

1.156 

0.299 

0.236 

0.213 

0.029 

0.670 

5 

vl 

to 

2.271 

2.052 

6.593 

0.549 

11.465 

7.233 

2.891 

16.098 

0.284 

26.506 

3.221 

2.808 

5.607 

0.356 

10.346 

00 

ci 

cs 


0.411 

0.459 

1.549 

0.038 

2.457 

0.964 

0.494 

4.226 

0.110 

5.794 

0.197 

1.062 

0.895 

0.023 

1.593 

e 


0.362 

0.262 

1.005 

0.670 

2.299 

1.458 

2.661 

3.525 

0.103 

7.747 

0.480 

0.963 

3.085 

0.020 

0.964 

5.512 

I 

0.234 

0.076 

0.148 

0.042 

0.500 

0.268 

0.224 

2.123 

0.011 

2.626 

Trace 

0.012 

0.170 

0.020 

1.017 

1.219 

6 

4.510 

2.214 

8.241 

0.391 

15.356 

5.457 

3.045 

17.415 

0.215 

26.132 

4.961 

2.609 

5.189 

0.308 

10.119 

NO 

00 

VI 

55 

I2;i 

N. S. 
Trace 

O. 132 

Trace 

0.132 

N. S. 

O. 051 
0.170 

N.S. 

0.221 

N. S. 

O. 050 
Trace 
N.S. 

N.S. 

1 

d 

3 

N. S.* 
Absent 
Absent 

O. 0001 

0.0001 

N. S. 
Absent 

O. 008 

Absent 

0.008 

N. S. 
Absent 

O. 001 
Absent 

Absent 

vl 

s 

d 

Nas 

ORGANIC 

0.671 

0.291 

1.785 

0.074 

2.821 

0.698 

0.428 

0.877 

N.S. 

2.003 

0.394 

0.257 

0,639 

N. S. 

O. 780 

2.070 

N 

AS 

0.067 

0.024 

0.069 

0.012 

0.172 

Absent 

Absent 

Absent 

N.S. 

0.097 

Absent 

0.071 

N.S. 

Absent 

0.168 



ag g 

Tt< ^ a 

® 2i 8 I 2 

JiS. o '•^ VI 


fO 

I ^ 

On 2 

^ 3 

•44 •'3 

3 C'l Vj l2. 
ON **5 

S-SS 


»o 



^ „ a s I ^ 

Idii 



I 



LOSS OF SOLUBLE SALTS IN RUNOFF WATER 


407 


CO 

op On 00 


___ 

csi On »0 


3 


O On NO 
lO to ^o 


Ov CS CO 

CS *H CN \c5 


to 

00 


^ 23 

S ^ 


S? 

!>. 

3 


3 

o3 


SS 


s s S 


^ § 


O <N On 
rH CM NO 'i-H 
Jt>- CO ON ON 


00 

▼H 

Ov 


§ ^ 
NO to 


o 

ss 


s; 


CO NO 


o 

’(H 

00 

NO* 

00 


CO 




0.123 
0 097 
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1.232 

0.201 
0 056 
0.127 
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00 
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N. S. 

O. 756 
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5 35K2S 
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3.811 

0.443 

0.070 

1.132 

0 247 

1.892 

0.116 

0.351 

0.137 

0.604 

0.408 

0.150 

1.048 

Trace 

NO 

8 

1.817 

0.443 

3.793 

3.028 

9.081 

0.841 

0.107 

0.577 

Trace 

1.525 

0.313 

0.506 

0.432 

1.251 

0.559 

0.117 

0.784 

0.158 

1.618 

Trace 

Trace 

0.132 

0.087 

0.219 

0.068 

Trace 

0.028 

2.017 

2.113 

Trace 

0.033 

0.243 

0.276 

0.234 

0.156 

1.594 

0.024 

2.008 

N.S. 

1.593 

1.728 

8.162 

11.483 

4.452 
2.392 
2.652 
9.122 

18.618 

2.182 

1.433 

12.686 

16.301 

5.220 

1.961 

1.875 

8.800 

17.856 

cn ui c/i t/i 

5! S!I? 

N. S. 

O. 036 
0.056 
0.208 

0.300 

N.S. 

N. S. 

O. 148 

0.148 

N. S. 

O. 078 
0.123 
0.122 

0.323 

N.S. 

N.S. 

Absent 

N.S. 

N. S. 
Absent 
Absent 

O. 009 

0.009 

N.S. 

N.S. 

Absent 

N. S. 
Absent 

O. 009 
0.030 

0,039 

0.341 

0.027 

N.S. 

N.S. 

0.368 

0.563 

0.049 

N. S. 

O. 759 

1.371 

0.011 

0.039 

0.615 

0.665 

0.567 

0.230 

N. S. 

O. 503 

1.300 

1 Absent 
Absent 
N.S. 
N.S. 

0.032 

Absent 

N. S. 

O. 033 

0.065 

0.011 

Absent 

0.527 
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Absent 

Absent 

N.S. 

Absent 
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TABLE 3 

Summary of the annual loss of various chemical elements in runoff water from the different 

treaiments 


Pounds per acre 


TBEATUENX 

Nas 

NHj 

Nas 

OR¬ 

GANIC 

Nas 

MOi 

Nas 

NOa 

Ca 

Mg 

K 

Na 

S 

P 

Soybeans 


2.821 

!f| 

0.132 


0.500 

2.299 

2.457 

11.465 

2.776 

Spaded 4 inches 




mi 

26.132 

2.626 

7.747 

Mm 

26.506 

1.156 

Spaded 8 inches 

mm 




23.186 

1.219 

5.512 

3.770 

22,338 

1.447 

Sod 


SKiS 




0.219 


3.811 


0.842 

Wheat 

0.065 

1.371 



18.618 

2.113 

1.525 

1.892 

16.167 

1.232 

Wheat followed by 

mm 

mm 


0.148 

16.301 


1.251 

0.604 

9.682 

0.384 

clover 











Com 



m 


17.856 


1.618 

1.606 

15.676 

0.618 


TABLE 4 

Annual loss of plant-food dements in the eroded soil from the various treaiments 
September 1, 1920, to August 31, 1922 (2, p. 38-40) 


PWW 

IREATMENT 

N 

P 

Ca* 

S* 

1 

Notcultivatedf 

98.8 

47.40 

379.3 

100.8 

2 

Spaded 4 inches fallowed 

95.4 

45.40 

337.8 

69.6 

3 

Spaded 8 inches faUowed 

73.8 

33.20 

225.6 

63.6 

4 

Sod 

0.5 

0.09 

0.6 


5 

WHieat annually 

29.5 

10.80 

75.9 

19.3 

6 

Com, wheat, and clover 

5.9 

2.20 

41.4 

6.9 

7 

Com annually 

40.3 

8.10 

103.3 

25.3 


* One year’s results. 

t During the first 6 years of these experiments, plot 1 was uncultivated and uncropped. 
The land was kept bare by pulling the weeds. 


TABLES 

Loss of total solMe salts from plots with different treaimnts 


Pounds per acre 


rxox 

TREATMENT 

SOIL 
ERODED 
UAYl, 
1924 TO 
APRIL 30, 
1925 

TOTAL 

SOLUEIE 

SALTS, 

103*C. 

1 

SOLID 

MATE¬ 

RIAL 

TOTAL 

SALTS 

AFTER 

IGNITION 

SOTJU) 

MATE¬ 

RIAL 

LOSS IN 
WEIGHT 
or SALT 
BY IG¬ 
NITION 

1 

Soybeans 

37190 

249.9 

percaU 

0.67 

101.7 

Percent 

0.27 

percent 

59.3 

2 

Spaded 4 inches* Fallowed 

89297 

380.1 

0.42 

217.6 

0.24 

42.7 

3 

Spaded 8 inches. Fallowed 

93728 

309.1 

0.33 

169.7 

0.18 

45.1 

4 

Sod 

388 

231.9 

59.76 

113.6 

29.28 

51.0 

5 

Wheat 

47694 

277.2 

0.58 

132.8 

0.28 

52.1 

6 

Wheat and clover 

2396 

166.8 

6.96 

82.6 

3.45 

50.5 

7 

Com 

40326 

265.1 

0.66 

144.7 

0.36 

45.4 
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salts coming from plots 2 and 3, which are fallow, or from plot 7, which is 
cultivated and has no winter cover crop, contain a larger percentage of inor¬ 
ganic salts than those carrying a crop the greater part of Ae year. The loss 
on ignition from plot 1, having soybeans followed by rye, is somewhat higher 
than that from the sod plots. No satisfactory reason has been found for this 
difference, since it would seem that it should fall intermediate between the 
com land and the sod land. 

SUMMARY 

1. The runoff water from the soil erosion plots at the Missouri Experiment 
Station was sampled after each rain during the year May 1,1924 to April 30, 
1925. This water was passed through clay filters and the amount and com¬ 
position of the soluble salts were determined on aliquot samples. 

2. The total amount of dry salts lost varied from 166.8 pounds from the 
plot in wheat and clover to 380.1 pounds per acre from the plot which was 
spaded 4 inches deep in the spring and fallowed throughout the season. 

3. Calcium and sulfur were lost in larger amounts than any of the other 
elements determined. The loss of potassium was relatively small but from 
several of the plots it amoimted to considerably more than would ordinarily 
be applied in commercial fertilizer. The losses of magnesium, sodium, and 
phosphorus are too small to be of much practical importance. 

4. The nitrogen determinations were incomplete on some of the samples, 
but these results as well as others reported earlier indicate that the surface 
runoff water is not a great source of nitrogen loss. 

5. The soluble salts from the fallow plots showed a higher percentage of 
inorganic material, as indicated by a smaller loss on ignition, than did the 
soluble material coming from land carrying a crop. 
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A review of the literature on the Briggs-McLane method of determining 
the “moisture equivalent’’ of soils causes serious doubt as to the general cor¬ 
rectness of those authors’ original idea, that in this process “each soil loses 
water until the capillary forces have been increased suflSciently to balance the 
centrifugal force acting on the soil moisture” (3, p. 140) and that this so-called 
constant is “a single valued numerical expression of the moisture retentive¬ 
ness of the soil measured in a definite way which establishes at once a rela¬ 
tionship between this soil and any other soil whose moisture equivalent is 
known” (3, p. 145). Without dcn 3 dng the wide utility of the method for the 
purpose as outlined by Briggs and McLane, it is our intention in this paper to 
discuss the tlieoretical aspects and point out some limitations of the method. 

It is significant to note that the numerous attempts (2, 7, 10) to correlate 
mechanical composition with the moisture equivalent have not been particu¬ 
larly successful. This may be due in part to the fact that the ordinary method 
of mechanical analysis does not give sufficient information about the clay 
fraction, but other factors are obviously involved as well. Indeed, the in¬ 
centive for the present investigation was the observation that the finest 
textured horizon of a heavy clay profile gave the lowest moisture equivalent. 

Middleton’s data (7, p, 160) indicate that on the average, silt loam and silty 
clay-loam may retain nearly as much water in the moisture-equivalent ma¬ 
chine as clay and considerably more than sandy clay, loam, or clay-loam, which 
are about equal in this respect. Evidently, the silt has an important water- 
retaining power. In the various equations for calculating the moisture- 
equivalent from the mechanical analysis the ratios of the coefficients of the silt 
and clay are as follows: Briggs and McLane, 0.2; Alway and Russel (1) 0.5; 
Middleton (equation 2), 0.68. 

It is recognized that the soil structure may have a profound effect on th». 
moisture-equivalent. Sharp and Wa 3 mick (9) have increased this value 50 
per cent in the case of a clay-loam soil by treating with a normal solution of a 
sodium salt and subsequently washing with water. Calcium chloride was 
without effect. It is well known that the treatment with sodium salts as 
carried out by these authors produces an alkaline soil which has a “bad” 
physical condition and is very impermeable to water. Joseph and Hancock (5) 
propose the use of the moisture-equivalent method to determine the plasticity 
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of clay by making determinations under ordinary conditions and also after 
ignition as well as after saturating the unignited material with 3 per cent 
sodium carbonate instead of pure water. 

It is evident therefore that, particularly in the case of fine-textured soils, 
the moisture-equivalent may be influenced to a greater extent by the arrange¬ 
ment and state of aggregation of the particles than by their size and distri¬ 
bution of size. It is evident also that the permeability of the sample is 
often an important factor which may preclude the attainment of a capillary 
equilibrium in any reasonable length of time. If a capillary equilibrium is not 
attained, the determination is without quantitative significance, though it may 
indicate qualitatively the impermeable nature of the material. This is an 
argument against the practice of arbitrarily making the time of centrifuging 
the same for all kinds of soil. 

The senior author (11) has already proposed a partial solution of the problem 
of the capillary equilibrium by equating the ‘‘centrifugar’ force to the capillary 
potential gradient. The question has been studied further by Veihmeyer and 
his coworkers (13) who have considered in detail the distribution of the moisture 
and the apparent specific gravity of the soil block. Russel and Burr (8) have 
recently determined the water retained when the speed of the machine is 
varied to correspond to forces ranging from 100 to 1400 times gravity. More 
information is now needed on the influence of the outer boundary and also on 
the relation between the size of the soil particles and the distribution of the 
water in the soil mass. Data on these questions are submitted in this paper. 

EXPERIMENTAL 

In the work reported below a standard machine was used which operated at 
2410 to 2430 r.p.m. The following soils were studied: 

Tl. A very heavy calcareous Trenton clay. 

Gl. A fertile silty clay-loam from the Greenville Farm. 

1170. Ballard Clay (0-11 inches)—a light clay nearly free from lime. 

1170A. A separate from 1170 with all particles smaller than 2 /a in diameter. 

1171. Ballard Clay (11-15 inches )—^ very heavy clay containing 2 per cent calcium 

carbonate, subsoil to 1170. 

1286. Ramona clay-loam from La Habra, California, supplied by W. P. Kell^. This 
sample has been extensively studied by Dr. Kelley as Soil 431. 

Separates from Gl as follows: S.W. 5; S.W. 6; S.W. 7; and S.W. 9. 

Separates from Tl as follows: TO, T2, T3, T4, T5, T6, and T7- Also a mixture of TO 

aiidT2, 

The size-distribution curves of the first two soils and most of the separates 
have already been published (12, p. S). 

Amount of material centrifuged 

It has been shown (8,11,13) that the percentage of water retained by a soil 
decreases as the amount of soil centrifuged increases, except in the case of 
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TABLE 1 


Influence oj the she of sample and time of centrifuging on the moisPure'-equivalent of 

the soil separates 


SOIL 

NUAOtLR 

SIZI LIMlTb 
DTAMLXIR 



MoisruRr 

I QUIVALl NT 


IXMC 

MOISTURE 

I QUIVALl NT 


A( 

gm. 

Ivows 

cent 

percent 

gm. 

Jtoun 

percent 

percent 

S,W.5 

40-90 

25.0 

1.0 

5.4 

4.1 

60 

1 0 

3.7 

.... 

S.W.6 

30-80 

26.0 

1.0 

7.0 

8.0 

•• 

... 

. .. 

.... 

S.W.7 

28-60 

26.0 

1.0 

8.6 

8.6 

•• 

• • 

.... 

. . • 

S.W.9 

16-40 

5.0 

1.0 

32.3 

32.1 

31 

1.0 

10.1 

11.4 



10 0 

1.0 

26.7 

27.4 

35 

3.5 

! 10.2 

12.3 



20.0 

1.0 

15 4 

16.6 

40 

1.0 

10.1 

9.8 



25 0 

1.0 

12.4 

16.1 

70 

2.0 

6.9 

7.5 



25.0 

2.0 

13.3 

.... 

70 

3.5 

5.5 

8.1 

TO 

12-22 

17.5 

2.0 

37.3 

.... 

- 

... 


• • • • 

T0 + T2 

5-22 

5.0 

2 0 

44.7 

41.8 

25 

3 5 

32.4 

• • • ft 



10 0 

0.5 

46.1 

46.3 

•• 

... 

.... 

.... 

T2 

S-12 

10 0 

0.5 

40.2 

40.7 

25 

3.5 

36.2 

V » » • 



25.0 

2 0 

34.4 

.... 

•* 

... 

• • • * 

• • • • 

T3 

4.4- 9 

5.0 

0 5 

35.0 

34.0 

25 I 

2.0 

33.2 

32.6 



10.0 

0.5 

32.8 

34.2 

40 

3.5 

31.2 

30.2 

T4 

2- S 

5.0 1 

0.5 

38.7 

38.6 

24 

2.0 

39.7 

39.6 



5.0 

1,0 

38.4 

39.4 

24 

3.5 

38.1 

37.3 



5.0 

3 0 

39.1 

38.1 

35 

2.0 

38.3 

38.5 



10.0 

0.5 

39.0 

37.9 

35 

8.7 

36.2 

36.6 



10.0 

2.0 

37.8 

38.1 

50 

2.0 

37.6 

37.1 



17.0 

2.0 

38.5 

.... 

50 

8.7 

34.6 

37.1 

T5 

1- 3 

5.0 

0,5 

42.8 

42.3 

10 

3.5 

42.7 

40.1 



5.0 

1,0 

41.5 

42.3 

20 

2.0 

43.8 

44.4 



5.0 


41.6 

43.4 

20 

3.5 

41.6 

41.0 



10.0 

0.5 

43.1 

43.5 

30 

3.5 

40.3 

41.0 



10.0 

1.0 

43.7 

42.3 

50 

2.0 

42.5 

42.8 



10.0 

2.0 

43.4 

43.8 

50 

8.7 

40.6 

40.6 

T6 

Smaller 

25.0 

2.0 

50.1 

49.5 

.. 

... 

• • • « 

• * • • 


than 1.0 









T7 

Smaller 

25.0 

2 0 

60.4 

61.3 

.. 

• • • 

• « • • 

• * • • 


than 0.5 
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impermeable materials, which do not permit the ready passage of water 
through the larger samples. These observations are confirmed by the data 
presented in tables 1 and 2, which show the influence of the amount of sample 
and the lime of centrifuging on the water retained by the soil separates and 
by the Trenton day respectively. It will be seen that the amount of material 
centrifuged has a marked effect in the case of separate S.W.9, but a very 
slight effect on the finer silts, T4 and T5, and also on the coarser separate 
S.W.S. When the size of the sample is increased, Trenton clay shows first a 
decrease then an increase in the amount of water retained after two hours, 
but a longer period in the centrifuge reduces the water content of the larger 
blocks to about 28 per cent. It was observed that the samples which were 
drier than 28 per cent contained radial cracks due to shrinkage and this final 
reduction of the moisture content was therefore accomplished by evaporation, 


TABLE 2 

Infiue>tce of sisc of sample and time of centrifuging on the moistiirc-cquivalcnt of Trenton Clay 


WEIGHT OS 
SAICPLE 

TIMS 

MOISTURE EQUIVALENT 

WEIGHT or 
SAMPLE 

TIME 

MOISTURE EQUIVALENT 

gm. 

hours 

Percent 

percerU 

gm. 

hours 

percent 

percent 

5 

2.0 

35.9 

37.3 

40 

2.0 

31.0 

32.6 

10 

2.0 

36.3 

36.7 

40 

8.7 

30.4 

30.3 

20 

2.0 

33.2 

31.4 

50 

2.0 

34.4 

34.8 

25 

0.7 

38.8 

40.0 

50 

8.7 

29.6 

29,8 

25 

8.7 

29.5 

32.5 

60 

2.0 

35.2 

35.6 

30 

2.0 

31.6 

32.6 

60 

8.7 

30.9 

30.1 

30 

18.0 

30.0 

17.0* 

60 

18.5 

25.8|- 

28.2 

30 

25.5 

22.7* 

2S.S|- 

60 

37.5 

19.0’^ 

27.6t 

30 

29.0 

10.3* 

.... 

60 

48.5 

19.3* 

26.3t 

30 

40.0 

26.31- 

13.2* 

60 

54.5 

17.0* 

25.1* 


* Large radial cracks had formed in the soil block and at least some sections of the block 
were nearly air-dry, 

t Large radial cracks had formed in the soli block. 


since air could then pass freely through the block of soil. This was indicated by 
the fact that frequently one detached portion of the soil I.>lock was nearly air- 
dry when other parts were very moist. Moreover, duplicate determinations 
varied widely in these drier samples, showing that the permeability lo air was 
variable. 

When the moisture equivalent of a definite amount of each soil separate is 
plotted against the average diameter (using a logarithmic size scale for con¬ 
venience), a curve is obtained with a maximum at about lO/x and a minimum 
at about Sju. (Rg. 1.) This effect is more noticeable in the 10-gm. samples 
than in the 2S-gm. samples. It seems likely that the maximum represents a 
condition in which the pores are just small enought to remain completely filled 
with water, and in which the packing of the soUd particles is less dense than in 
the case of the finer separates. Increasing the amount of material centrifuged 
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would then tend to obliterate the maximum because of the establishment of a 
moisture gradient in the soil as well as of closer packing. 

Distribution of the Water 

From theoretical considerations, it seems evident that the criterion for an 
equilibrium in which capillary forces balance the centrifugal force of the 
machine, is a decrease in the water content of the soil in the direction of the 
axis of rotation. This gradient is a function of the texture and manner of 
packing of the soil materials. It should be small in coarse sands, because the 
capillaries are so large that the centrifuge can easily throw out most of the 
water and we are dealing only with small water wedges at the points of con- 



Fig. 1. Moisture Retained by the Son. Separates 

The abscissa represents the average size of the particles of each separate, on a logarithmic 
scale. 

tact of the solid particles. On the other hand, the largest capillary spaces of 
very fine textured soils may be so small that the centrifuge is unable to empty 
them and in this case there will be a nearly uniform distribution of the mois¬ 
ture at equilibrium. Between these extremes, it should be possible to realize 
a large gradient. 

The moisture distribution in the centrifuged soil mass was found by cutting 
the block into several pieces, perpendicular to the radius of the machine, and 
drying each portion separately. This division in some cases was made roughly 
by means of a spatula; in others, exactly by the use of the slicing device de¬ 
scribed by Veihmeyer et al (13, p, 19-24 )} 

^ This apparatus was very kindly lent to us by Prof. Frank Adams, University of California. 
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f!iG, 2. Distribution op Water in the Soil Separates after Centripuging for Different Lengths oi Time as Indicated 

ON THE Curves 

The abscissa lepxesents the distance from the outside boundary 
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The data for the soil separates are presented graphically in figure 2, and the 
results for Trenton clay are given in table 3, These data show: 

(a) That the moisture gradient in soil S. W.5 is small. 

(b) That a large moisture gradient is readily established in soil S. W.9; and that soil T3 
behaves similarly but less readily. 

(c) That the movement of water through soil T4 and soil T5 is so slow that it requires 
many hours for the excess of water to move from the inner surface to the outside boundary and 
establish a moisture gradient opposing the centrifugal force of the machine. The series of 
curves representing soil T4 depict this movement clearly; and a similar series might be 
drawn for soil T5. It should be emphasized that in these cases considerable dijSculty would 
be encountered in arriving quantitatively at equilibrium because of the possibility of some 
evaporation taking place from the inside layers during the long exposure in the centrifuge. 

TABLE 3 

DlstribtUion of the water in 60-gm. samples of Trenton clay 


The blocks of soil were cut perpendicular to the radius of the machine. The first value 
represents the portion nearest the outside boundary. 


TIME 

THICKNESS 
OF bCCTiON 

WEIGHT OF 
bECTION 

WATER 

TIME 

THICKNESS 
OF SECTION 

WEIGHT OF 
SECTION 

WATER 

hours 

■■■■■II 

gm. 

perceni 

hours 

mm. 


per cent 

2.0 


15,7 

30.8 

8.7 

3.75 


28.3 



9.5 

31.S 


3.0 


27.8 



9.7 

32.7 


3.0 

10.1 

28.2 


3.0 

9.9 

34.2 


3.0 

8.9 

28.0 


.... 

12.3 

37.2 


3.0 

9.6 

28.0 



.... 

.... 


.... 

7.0 

28.5 

18.5 


10.1 

24.4 

18.5 


13.2 

28.6 


H|||H 

18.2 

25.9 


.... 

17.3 

28.1 



18.1 

26.2 


.... 

15.8 

28.2 


■jjfl 

13.0 

25.9 


.... 

14.0 

27.9 

54.5 


26.7 

16.9 

54.5 

.... 


25.5 



14.7 

16.9 


' •.. • 


25.1 



10.8 

1 17.3 


.... 


25.0 



7,6 

17.0 


.... 

11.5 

24.9 


(d) Trenton clay has an increasing moisture content toward the axb of rotation until it 
has been centrifuged long enough to establish a uniform distribution at about 28 per cent of 
water. Subsequent drying, due to cracking and evaporation, does not alter this uniform 
distribution. 

{e) With the fine textured soils, many hours of centrifuging are required approximately 
to establish equilibrimn. 

The influence of texture on the moisture distribution, as described above, 
can be inferred from the results of Russel and Burr (8). When these authors 
plotted the amount of moisture, If, retained against the centrifugal force, G, 
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they obtained a family of curves, parabolic in form, which could be expressed 
by the equation: 



where K and n are constants which decrease in value (except for the coarsest 
material) as the texture becomes finer. As the value of n determines the shape 
of the curves, it is clear that as the texture becomes finer (except for the coarsest 
sand) there will be a decrease in the influence of changing the speed of the 
machine on the amount of water retained. 

It may be pointed out that the moisture gradient as found in the centrifugal 
machine should be one thousand times as great as in the gravitational field. 
Useful information could readily be obtained from capillary potential studies 
if the equilibrium moisture gradient under field conditions could be calculated 
from moisture equivalent data. Data are available for this comparison in the 
case of the Greenville soil. From figure 3 it may be estimated that the mois¬ 
ture gradient of this soil (containing about 18 per cent of water) under the 
influence of gravity should be 0.08 per cent per foot. Israclsen (4, fig. 15) 
has actually found by a study of this soil in the field a value of 0.14 per cent 
per foot in the case of the uniform-textured upper 4 feet of plat B (4, fig. 13). 
In this work, fidd plats were given heavy irrigations, then covered with 
straw to prevent evaporation, and sampled at intervals for several months 
until equilibrium was reached. This agreement is fairly good in view of the 
fact that the two cases are probably not strictly comparable, because of differ¬ 
ences in packing. The gradient, as determined for all the data in his figure 15, 
is 0.35 per cent per foot, but as these data involve a correction for texture 
which is admittedly an approximation it seems best to make the above com¬ 
parison on the basis of uniform-textured soil. 

The apparent specific gravity 

Veihmeyer and coworkers (12) have determined the apparent specific gravity 
of their soils after centrifuging. They show that the compaction increases 
somewhat with increasing weight of soil used, and that within a 60-gm. sample 
the apparent density increases for about 6 mm. from the inside surface, beyond 
which it remains nearly constant. We have made a few calculations of the 
apparent specific gravity of our soils from data obtained by the slice-weight 
method (13, p. 24). The values presented in table 4 are the averages of several 
determinations in most cases. The paraflSn method was unsatisfactory be¬ 
cause there was a tendency for the hydrocarbon to penetrate the soil. 

It will be seen that the Trenton separates are less compact than the other 
soils and also that their pores are nearly completely filled with water. An 
explanation is thus afforded for the high water retaining power of the fine silts 
as compared with heavy day: the capillary spaces which the centrifuge is 
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unable to empty are occupied entirely with water in the silt whereas part of the 
corresponding space in the clay is occupied by colloidal particles. 

Tlie ordside boundary 

Considerable theoretical interest is attached to the outside boundary. If 
the moisture percentage at this point is varied, changes should be reflected 
throughout the remainder of the soil mass. The capillary potential gradient 
should remain unchanged but the moisture gradient should probably decrease 
as the outside surface becomes drier. This follows from the fact that the capil¬ 
lary potential-moisture curve for soil appears to be a rectangular hyperbola (11). 

The question was studied experimentally as follows: 

A number of different kinds of filter paper boundaries were first tried using Greenville soil. 
No significant changes in the moisture equivalent were observed. Boundaries were next con- 


TABLE4 

Degree of packing and water retaining power of the soils 


fiOJL NUMBER 

WEIGHT 07 
SOILUbED 

SPECIFIC GRAVray 

WATER RETAINED BY 

WATER 

REQUIRED 

TO FILL 
PORE SPACE 

Real 

Apparent 

Entire soil 
mass 

Outer layer 





percent 

percent 

percent 

S.W.S 

60 


1.40 

3.7 

8.4 

34.6 

S.W.9 

60 


1.40 

9.5 

32.3 

34.6 

T3 

60 

2.72 

1.28 

23.0 


40.1 

T4 

60 

2.72 

1.32 

32.0 

33.0 


T5 

60 

2.72 

1.36 

35.7 

36.5 

36.7 

G1 

60 

2.7S 

1.46 

18.3 

21.3 


T1 

60 

2.77 

1.40 

28.1 

28.5 

35.3 


strucled using 5-gm. samples (1.6 mm. thick) of the different soil separates. These were 
retained in the cup and also by means of two filter papers were separated from the 60-gm. 
samples of Greenville soil placed on top. Four periods of centrifuging were employed: 2, 5}, 
7, and 16 hours. The soU was dried in layers. 

The two intermediate periods gave closely agreeing results; but two hours 
was not sufficient to establish equilibrium and 16 hours seemed to permit some 
evaporation. The data presented in figure 3 are the averages of the two 
intermediate periods and show the distribution of the water in the Greenville 
soil when the boundary material was that indicated on the curve. It will be 
seen that soil S.W.9 increases the amoimt of water retained by the Greenville 
soil above that shown by one piece of filter paper, whereas the Trenton sepa¬ 
rates cause a decrease which is greater the finer the separate. The sandy sepa¬ 
rate S.W.5 also causes a decrease and behaves in an anomalous fashion. The 
other curves are all nearly parallel and seem to indicate that the gradient is 
nearly constant over this range, the position of the curve depending on the 
outside boundary. However, the moisture gradient in the wetter soils is some- 
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Fig. 3 Distribution op Water in tttk Greenville Son. (Gl) after Centrifuging 5.5 to 7 Hours, Using Outside Bound¬ 
ary Materials as Indicated in the Curves 
Tlie abscissa xepxeseiits the distance from the outside boundary 
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what greater than in the drier soils. It is suggested that the water in the outer 
layers of the Greenville soils is in capillary equilibrium with the water in the 
separate which acts as a boundary, and therefore, the negative curvature of the 
water wedges in the soil will be increased, with a corresponding decrease in the 
moisture content, as the size of the capillaries in the outer surface is reduced. 
No attempt is made to expkiin the behavior of S.W.S, further than to state 
that after 2 hours centrifuging, this material gave a distribution identical with 
that shown in figure 3 for S.W.9. 

These data can be studied quantitatively through the following thermody¬ 
namic relations: 


, Po Mgh 

‘"yrw 


(A) 


In zr ^ 
P\ 


RT r 


(B) 


In these equations Pi is the vapor pressure at height k above a flat water 
surface of vapor pressure Po, in equilibrium with a water surface having a 
negative radius of curvature r, and t is the surface tension of water. The 
vapor pressure lowering in the gravitational field g at constant temperature, 
according to equation A, is 0.0072 per cent per meter of elevation above a flat 
water surface. In the centrifugal field of the moisture equivalent machine, 
this value is 0.0072 per cent per millimeter, at least over a small range, in the 
direction of the axis of rotation. Equations connecting the vapor pressure and 
capillary potential functions have already been published (11), 

In figure 3, it may be seen that the outside layer of the Greenville soil having 
T5 as the boundary material has the same moisture content as the layer 9 mm. 
within the soil mass when S.W.9 is the boundary material. The outside layer 
of the former sample of Greenville soil should therefore have a vapor pressure 
0.06S per cent lower than the outside layer of the latter. It remains now to 
determine whether this difference can be accounted for by the difference in 
size of the capillary spaces of the two separates. Since the pore space of both 
TS and S.W.9 is about 50 per cent (table 4) the average size of the capillary 
spaces in each case is probably equal to the average size of the soil particles, 
viz., 0.9 and 13fjL radius. If we substitute these values of r in equation 5, we 
obtain vapor pressure lowerings of 0.116 per cent and 0.008 per cent respec¬ 
tively. The value of r which corresponds to a vapor pressure lowering of 
0.065 per cent + 0.008 per cent^ is 1.4/*. 

Table 5 shows the results of this calculation for the data of figure 3. The 
soil separates were practically saturated with water in each case. 

The agreement of the vapor pressure values calculated by the two inde¬ 
pendent methods is satisfactory, considering the uncertainty connected with the 

* This addition of 0.008 per cent is made because the calculation is referred to the capil¬ 
laries of soil S.W.9 instead of to a fiat-water surface. 
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evalution of the size of the capillary spaces, and shows quantitative conforma¬ 
tion to the theory of capillary equilibrium. 

Base replacement 

Five clay soUs, three of which were highly colloidal, were treated repeatedly 
with normal solutions of the chlorides of ammonium, sodium, potassium, 
calcium, and aluminum, as well as 0.05 N hydrocliloric acid, and subsequently 


TABLE S 

Influence of the ske of the capiUary spaces in the boundary material on the vapor pressure of the 
adjacent layer of the Greenville soil 


BOUNDARY MATERIAL 

ADJACENT LAYKR GRBENVTLLB SOXL 

Number 

Size limits 
radius-miaoDS 
by mechanical 
analysis 

Average size of 
particles (or pores) 
radius-microns 

Size of pores 
calculated 
from vapor 
pressure data 
(column a) 
radius-microns 

Vapor pressure lowering 

From equation A 
(■f 0.008) 
a 

From equation B 
b 





per cent 

percent 

S.W.9 

8-20 

13.0 

(13.0) 

(0.008) 

0.008 

T0 + T2 

2.5-11 

5.0 

3.0 

0.038 

0.021 

T3 

2.2-4.5 

3.0 

2.6 

0.042 

0.035 

T4 

1.0-2.5 

1.6 

1.9 

0.0S7 

0.065 

T5 

0.5-1.5 

0.9 

1.4 

0.073 

0.116 


TABLE 6 

Influence on the moisture-equivedetU of treatini the soU with various solutions and subsequently 

washing out the soluble material 
Hme of centiifugins~45 minutes; weight of sample—20 gm. 

KOISICntE EQUIVALENIAETBE TEEAIUEHt 


SOIL 

NUMBER 

Natural 

soil 

Washed with 
HaO 

N AlCli 

NCaCb 

0.05 iV 
IICI 

NKCl 

NNH 4 CI 

NNaCl 

1170 

32.9 

32.5 


36.0 

34.1 

35.1 

34.6 

40.6 

U70A 

.... 

53.3 

50.7 

53.7 

51.2 

65.9 

67.6 

7S.5 

1171 

42.0 

51.7 

.... 

47.7 

47.9 

50.0 

50.8 

69.2 

1286 

34.4 

• • . • 

37.4 

38.5 

36.5 

37.7 

39.5 

82.7 

T1 

39.4 

.... 

.... 

38.8 

.... 

40.3 

41.7 

60.0 


washed free of soluble material. The soil was then air-dried and moisture 
equivalent determinations were made on 20-gm. portions, centrifuging for 40 
minutes. The results are given in table 6, which shows a marked increase of 
moisture retention as a result of the sodium treatment. The other bases be¬ 
have nearly alike although ammonium and potassium have a slight tendency 
to increase the moisture retention. The low value obtained with the nat- 
lural soil 1171 is probably due to the presence of 1 per cent of soluble salt 
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in the sample. The sodium-treated soils were very impermeable and some 
free water was usually present inside the cup. Sufficient material was not 
available for a detailed study of these effects. It is unlikely that equilibrium 
was attained in any case. The results are therefore a measure of the com¬ 
parative permeability, as influenced by the degree of swelling of the 
colloids. Since soil colloids possess elastic properties the sodium-saturated 
compounds would probably be more swollen and retain more water at equi¬ 
librium than the others. This does not necessarily prove that its “internal sur¬ 
face is greater” as suggested by Sharp and Waynick (9). The data suggest 
the importance of a consideration of soil structure in comparing results ob¬ 
tained by the moisture equivalent method, particularly in the case of fine- 
textured soils. 


SUMMARY 

A study of the moisture equivalent method as it is influenced by the amount 
of material centrifuged; by the texture and chemical treatment of the soil; and 
by the nature of the outside boundary, leads to the following conclusions: 

1. Inaeasing the size of sample reduces to a slight extent the amount of 
water retained in very coarse and very fine soils, whereas soils of interme¬ 
diate texture show greater effects. 

2. The moisture gradient in the soil mass, opposing the centrifugal force 
of the machine shows a similar maximum with intermediate textures. Very 
fine grained soils have a nearly uniform moisture distribution at equilibrium. 

3. A period of many hours centrifuging is often required to establish capil¬ 
lary equilibrium in the case of heavy clays and very fine silts. The slow move¬ 
ment of water through a silt is shown graphically. 

4. When 10- to 2S-gm. samples are centrifuged, silt of about 10/i average 
diameter retains more water than silt of 5n average diameter. This excess 
of water decreases with the increasing size of the sample. 

5. The very fine silts have a lower apparent specific gravity than the heaA^y 
Trenton clay, and also retain as much or more water. It is suggested that the 
capillaries in the silt which the centrifuge is unable to empty are filled entirely 
with water, whereas in the clay the corresponding interstices contain some 
colloidal material. 

6. As the capillaries of the outside boundary are reduced in size, the ad¬ 
jacent soil becomes drier and this reduction in the moisture content is reflected 
throughout the whole soil block. This effect conforms quantitatively to the 
thermodynamic theory of capillary equilibrium. 

7. When the replaceable base of a clay is entirely sodium theimpermeability, 
and probably also the equilibrium moisture retaining power, are greater than 
when the replaceable base is potassitun, ammonium, calcium, aluminum, 
or hydrogen. The colloidal swelling is enhanced by the sodium in the complex. 



424 


MOYER D. THOMAS AND KARL HARRIS 


REFERENCES 

(1) Alway, F J., and Russel, J. C. 1916 Use of the moisture equivalent for the indirect 

determination of the hygroscopic coefRcicnt. Jour. A^r. Rr?. 6: 833-846. 

(2) Briggs, L. J., and McLane, J. W. 1907 The moisture equivalent of soils U. S, 

Dept. Agr, Bur. Soils Bui. 45. 

(3) Briggs, L. J., and McLane, J. W, 1910 Moisture equivalent determinations and 

their applications. Proc, Amer, Soc, Agron. 2: 138-147. 

(4) ISRAELSEN, 0. W. 1926 The application of hydrodynamics to irrigation and drainage 

problems. In press, Univ. Cal. 

(5) Joseph, A. F., and Hancock, J. S. 1924 The composition and properties of clay. 

Jour.C/iem.SocA25: 1888-1895. 

(6) Joseph, A, F., and Martin, F J. 1923 The moisture equivalent of heavy soils. 

Jotir. Agr. ScL 13: 49-57. 

(7) Middleton, H. E. 1920 The moisture equivalent in relation to the mechanical 

analysis of soils. Soil St /. 9: 159-167. 

(8) Russel, J. C., and Burr, W. W. 1925 Studies on the moisture equivalent of soils. 

SoilSci. 19: 251-266. 

(9) Sharp, L. T., and Waynick, D. D. 1917 The moisture equivalent determinations 

of salt treated soils and their relation to changes in the interior surfaces. Soil 
Sci. 4: 463-469. 

(10) SiHTH, A. 1917 Relation of the mechanical analysis to the moisture equivalent of 

soils. Soil. Sci. 4: 471-476. 

(11) Thomas, M. D. 1921 Aqueous vapor pressure of soils. Soil Sci. 11; 409-434. 

(12) Thomas, M D. 1924 Aqueous vapor pressure of soils; IT. Soil Sci. 17. 1-18. 

(13) Veihmeyer, F, j., Israelsen, 0. W., and Conrad, J. P. 1924 The moisture 

equivalent as influenced by the amount of soil used in its determination. Univ. 
C^. Col. Agr. Tech Paper 16. 



THE INFLUENCE OF LIME AND PHOSPHATIC FERTILIZERS ON 
THE PHOSPHORUS CONTENT OF THE SOIL SOLUTION 
AND OF SOIL EXTRACTS! 


F. W. PARKER AND J. W. TIBMORE 
Alabama Agricultural Experiment Station 
Received for publication November 16, 192S 

The influence of lime on the solubility of phosphorus in the soil, both native 
and that added in different forms of phosphatic fertilizer, has been studied by 
a number of investigators, Ames and Schollenberger (1) have given a sum¬ 
mary of the literature on the subject showing the varied results that have been 
secured by different workers. A study of these experiments indicates that in 
many instances the methods used were inadequate or not well adapted to the 
investigation, but in recent years new methods of soil investigation have been 
suggested that seem to be well adapted for use in a study of this problem. 

In previous work the solubility of the soil phosphorus has been studied by 
means of extraction with dilute acid or water. Although such studies are 
valuable it seems very desirable to obtain data on the phosphorus content of 
the soil solution also. Recently Parker (13) and Burd and Martin ( 6 ) have 
made a study of the soil solution obtained by the displacement method. Their 
results show that the true soil solution is obtained by displacement. With the 
use of the procedure recommended by Burd and Martin sufficient soil solution 
for analysis can readily be obtained from most soils. 

Preliminary studies showed that the phosphorus content of the soil solution 
was so low that the usual methods of determining phosphorus were of little 
value. A method for determining phosphorus in the soil solution should be 
very sensitive, capable of determining at least 0.05 p.p.m. PO 4 in the solution. 
Such a method has recently been used by Atkins (2) in the determination of 
phosphorus in soil extracts, A study of the method in this laboratory (14) 
shows that it is simple, rapid, and accurate. A very similar method has been 
used extensively by biological chemists (3). The method makes possible the 
determination of phosphorus in 100 cc. of solution containing only 0.02 p.p.m. 
PO4. As it has many advantages over the older colorimetric method for 
determining phosphorus it was used in the present investigation. 

^t has been customary to prepare water extracts of soils by filtering them 
thr^ough Pasteur-Chamberland filters. Apparently in none of the work re- 
poi^ted has a careful study been made of the influence of the filter on the phos- 

Published with the permission of the Director of the Alabama Agricultural Experiment 
Stallion. 
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phorus content of the soil extract. However, recent work in this laboratory 
(14) has shown that Pasteur-Chamberland filters absorb or give up phosphorus 
depending upon the relation between the degree of saturation of the filter 
and the phosphate concentration of the solution being filtered. Since the 
filter may materially alter the phosphate content of the solution it is probable 
that most of the data on the phosphorus content of soil extracts are of doubtful 
value. Consequently, the use of that method has been discontinued and 
another procedure adopted. In the present investigation all extracts were 
prepared by dial 3 rsis through collodion sacks. The detailed procedure will 
be given later. 

Having the aforementioned methods in mind, the investigation was under¬ 
taken to determine the following: (a) the influence of lime on the phosphorus 
content of the soil solution and soil extracts from soils which have never 
received phosphatic fertilizer; (6) the influence of lime on the phosphorus 
content of the soil solution and soil extracts from soils fertilized with different 
phosphatic fertilizers; and {c) the influence of lime and different phosphatic 
fertilizers on the solubility of soil phosphorus. The solubility is indicated by 
a comparison of the concentration of phosphate in the soil solution and in soil 
extracts. The results also afford a comparison of the influence of different 
sources of phosphorus on the phosphate content of the soil solution and soil 
extracts. The sources of phosphorus studied include steamed bone meal, 
add phosphate, rock phosphate, and basic slag. 

METHODS 

The soils used in this investigation were taken from experimental plots in 
Alabama, Ohio, Illinois, and Kentucky.^ In aU instances approximately 
twenty-five-pound samples of the surface soil were secured from each plot. 
On reaching the laboratory the soil was screened and placed in earthenware 
jars and brought to the moisture content considered most satisfactory for 
displacement—this varied from 10 per cent in the sandy soils to 25 per cent 
in one heavy soil. Alter their contents were mixed again the jars were covered 
to prevent evaporation until the soil solution was displaced. 

The displacement procedure was essentially that used by Burd and Martin 
(6). A definite amount of soil at a known moisture content was packed in 
the displacement cylinders. Water was added and displacement was made 
under an air pressure of 15 to 20 pounds to the square inch. Successive tOO- 
or 200-CC. portions of the displaced solution were obtained and used in sub¬ 
sequent work. 

The first portion of the displaced solution is the true soil solution undiluted 
by the di^ladng liquid. In the second and successive portions the jsoil 

* The authors wish to express their appreciation to Dr. F. C. Bauer for furnishing/ the 
samples from the Illinois plots, to Prof. A. W. Ames for furnishing the samples froniithe 
Ohio plots, and to Prof. George Roberts for funushing the samples from the Kentucky ploU 
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solution becomes more and more diluted by the displacing liquid. This dilu¬ 
tion is indicated by a gradual decrease in the calcium content and by an increase 
in the specific resistance of the successive portions. The specific resistance 
and the calcium and phosphorus were determined in the different portions. 

The displaced solution was usually dear, but preliminary work showed 
that often a small amount of material was in suspension. As this material 
could not be removed satisfactorily by centrifuging, all solutions were dialyzed 
through a collodion membrane. A 100-cc. portion of the solution was placed 
in each of two collodion sacks. These were then placed in 250-cc. beakers con¬ 
taining 100 cc. of distilled water. Conductivity determinations indicated that 
equilibrium between the inside and the outside solutions was established in 
18 hours; at the end of that time the spedfic resistance of the two solutions 
was the same. After the solution stood for 18 to 21 hours the collodion sacks 
and contents were removed, the two 100-cc. portions of diffusate were com¬ 
bined, SO cc. was used for the determination of calcium and ISO cc. was used 
for the determination of phosphorus. The ISO cc. is equivalent to 7S cc. of 
the original solution. 

Calcium was determined by titration of the oxalate with O.OS N ElMn04. 
In determining phosphorus in the soil solution, by the procedure recommended 
by Parker (14), the solution was evaporated, and the residue was ignited and 
taken up with acid. In the case of soil extracts the determination was made 
on 100 cc. of the extract without evaporating. 

The 1:5 soil extracts were prepared by placing 40 gm. of soil in a ISO-cc. 
collodion sack and adding 100 cc. of water to the soil. The sack was then 
placed in a 250-cc. beaker containing 100 cc. of water. The contents of the 
sack were shaken three times a day and were allowed to stand about 24 hours. 
At the end of that time the specific resistance of the inside and outside solu¬ 
tions was the same. Phosphorus was determined in the 100 cc. of solution in 
the beaker, called “outside solution” or “diffusate.” 

EXPERIMENTAL RESULTS 

Cidlar^s SotaMon Fidd, Auburn, Alabama 

Since 1910 these plots have carried a 3-year rotation of cotton, corn, and oats 
followed by cowpeas. Lime was applied to one-half of all plots in 1915 at 
the rate of 2 tons of ground limestone to the acre. The soil is Norfolk sandy 
loam, slightly acid to the Truog test. 

The plots used in this study were carefully sampled June 18, 1925. The 
plot numbers and treatments are given in table 1. Plot 3 received 800 pounds 
of acid phosphate for each 3-year rotation. Plot 5 received 1600 pounds of 
rock phosphate for each rotation. Plots 2, 3, and 5 receive the same nitrogen 
and potassium fertilizers. Displacement was made from the soil at a moisture 
content of 10 per cent. Three kilos of moist soil was packed in each of two 
displacement cylinders and successive 100-cc. portions of the displaced sobv 
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tion were obtained. The portions from the duplicate cylinders were combined 
for the determination of specific resistance, and of calcium and phosphorus. 
Displacement and all determinations were made in triplicate. The results 
given in table 1 are the average of the three series of determinations. 

Lime applied to this slightly acid soil in 1915 at the rate of 2 tons to the acre 

TABLE 1 

Specific resistance, parts per miUion PO 4 and Ca in successive 100-cc, portions of the displaced 
solution from soil with the treatments indicated 
Soil from Cullars rotation, Auburn, Alabama 


PLOT 

PERTILIZCR IREAXICCNT 

PO 4 CONTrWT 

Ca CONTENT 

sprciric 

RCSlbXANCC 

KtiUBER 

No lime 

Lime 

No lime 

Lime 

No lime 

Lime 



p.ptn. 

ppM. 




ohms 


First portion of soil solution 


2 

N, K. 

0.075 

0.138 

238 

489 

226 

143 

3 

N, K, acid phosphate. 

0.260 

0.420 

492 

753 

113 

89 

4 

None. 

0.206 

0.267 

228 

468 

312 

206 

S 

N, K, rock phosphate. 

0.210 

0.292 

487 

635 

103 

92 


Second 100<c. portion of displaced soluiioti 


2 

N, K. 



220 

360 

267 

178 

3 

N, K, add phosphate. 

0.220 

n 

371 

588 

145 

109 

4 

None. 

0.193 


200 

371 

370 

254 

5 

N, K, rock phosphate. 



384 

510 

124 

no 


Third 100-cc. portion of displaced solution 


2 

N, K. 


0.129 

130 

263 

356 

242 

3 

N, K, acid phosphate. 

Rgl 

0.374 

261 

430 

198 

145 

4 

None. 

0.188 

0.306 

144 

290 

471 

292 

5 

N, K, rock phosphate. 

0.205 

0.267 

265 

372 

166 

143 


Fourth 100-cc. portion of displaced solution 


2 

N, K. 

0.060 


in 

195 

498 

327 

3 

N, K, add phosphate. 

0.191 

EH 

wm 

315 

266 

196 

4 

None. 

0.146 

0.279 

wm 

198 

626 

447 

5 

N, K, add phosphate. 

0.183 


197 

227 

230 

217 


had a marked influence on the solubility of the soil phosphorus. In plots 2 
and 3, liming increased the phosphorus content of the soil solution 83 and 61 
per cent respectively. The increase due to liming was not so great in the case 
of plots 4 and 5. The differences in the phosphorus concentration of the soil 
solution due to fertilizer treatment were greater on the limed than on the unlimed 
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soil. However, those differences were not as great as might be expected from 
a consideration of the history of the plots. As subsequent data will indicate, 
the phosphorus concentration of the soil extracts from these plots shows much 
greater differences due to phosphatic fertilization than are indicated in table 1. 

A comparison of the successive portions of the displaced solution shows the 
relative solubility of phosphorus and other constituents of the soil solution. 
The data for calcium and for specific resistance indicate that the fourth 100-cc. 
portion is approximately 40 per cent as concentrated as the first 100-cc. portion 
or the soil solution. However, the phosphate concentration in the first and 
fourth portions is not very different. The fourth portion from the unlimed 
soil contains on the average approximately 80 per cent as much phosphorus 
as the soil solution. The fourth portion from the limed soil contains, with one 
exception, more phosphorus than the first portion. This increase in the phos¬ 
phorus concentration of the successive portions is probably due to the high 
solubility of the phosphate and to the marked reduction in the calcium content 


lABLE 2 

PhospJuUe content of soil solution and 1:5 water extracts of soil with the treatments indicated 
Soil from Cullar’s Rotation, Auburn, Alabama 





PO 4 CONTENT 


PLOT 

KUMBLS 

PEBTajZER TRTATMENT 

Soil solution 

1 :5 extract 



No lime 

Lime 

No lime 

Lime 

2 

N, K. 

p.p.m, 

0.075 



p.p.m. 

0.042 

3 

N, K, acid phosphate. 



0.336 

0.490 

4 

None. 




0.020 

5 

N, K, rock phosphate. 

0.210 


0.204 

0 256 


of the portions. As has been stated by Burd and Martin (S) a high calcium 
content of the soil solution may depress the solubility of phosphorus. This 
point will be considered in greater detail in connection with other data. 

The PO4 content of 1:5 soil extracts was determined in order to obtain 
further data on the solubility of soil phosphorus as influenced by liming and 
phosphatic fertilization. The extracts were prepared as previously described 
using collodion sacks. Table 2 gives the PO4 content of the soil solution and 
of the 1:5 soil extract. 

As has already been indicated, the differences due to phosphorus fertilization 
are more marked in the soil extracts than in the soil solution. The 1:5 extract 
of plots 2 and 4 which do not receive phosphate fertilization was much lower 
in phosphorus than the soil solution from these plots. The extract from plot 5, 
receiving rock phosphate, had a slightly higher concentration of phosphorus 
than the soil solution from the same soil. This difference was even greater in 
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the acid phosphate plot, the extract containing 0.490 p.p.m. POi whereas the 
soil solution contained only 0.336 p.p.ni. 

The results obtained from the study of this soil indicate that liming mate¬ 
rially increases the phosphate content of the soil solution or soil extract. The 
data in table 2 show that the effect of lime is greater when acid phosphate is 
used as a source of phosphorus than when rock phosphate is the source of phos¬ 
phorus. Fertilization with acid phosphate produced a higher concentration 
of phosphate in the soil solution and in the soil extract than fertilization with 
rock phosphate. 

Experimental fields at Albertville and Jackson^ Alabama 

Studies similar to the above were made on samples secured from rotation 
experiments on the experimental fields at Jackson and at Albertville, Alabama. 
The experiments afford a comparison of acid phosphate, rock phosphate, and 
basic slag on limed and unlimed soil. These plots were started in 1916. The 
phosphate fertilization with basic slag and acid phosphate is equivalent to 480 
pounds of acid phosphate for each 3-year rotation. Twice this amount of rock 
phosphate is used. One series of plots was limed in 1916 at the rate of 2 tons 
to the acre. There has been no lime applied since that time. The Jackson 
soil is a Greenville sandy loam whereas the Albertville soil is Dekalb fine 
sandy loam. Both soils are medium acid according to the Truog test. 

The water-soluble phosphorus in the soils from both fields was very low. 
The maximum concentration of phosphate in the soil solution from the Albert¬ 
ville field was 0.05 p.p.m. PO4. The minimum concentration was 0,02 p.p.m. 
In the soil extract the concentration varied from a trace, probably 0.01 p.p.m. 
or less, to 0.069 p.p.m. The differences due to the form of phosphatic fertiliza¬ 
tion were small. Liming caused on average increase of 71 per cent in the phos¬ 
phorus concentration of the soil solution and of 65 per cent in the soil extract. 
The detailed results are not given because no great dependence can be placed 
on the results from individual plots when the phosphate concentration is so 
low. The data are similar to those obtained with other soils, indicating the 
influence of liming on the solubility of the phosphorus. 

The maximum concentration of phosphorus in the soil solution from the 
Jackson soil was 0.075 p.p.m. from the lime basic slag plot. The minimum 
concentration was 0.042 p.p.m. from the unfertilized unlimed plot. As with 
the Albertville soil, liming increased the concentration of phosphorus in the soil 
solution. The results obtained from the study of these two soils show the 
concentratidh of phosphorus in the soil solution may be very low and yet crop 
growth may be satisfactory. The fertilized plots in these experiments produce 
good crops of cotton, com, and oats. 

Phosphate experiments^ Odin, Illinois 

This experiment, started in 1904, affords a comparison of four forms of 
phosphatic fertilizer on an acid soil, some plots receiving 1 ton and others 8 
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tons of Kmestone to the acre. The soil is a gray silt loam on tight day. The 
plots receiving 1 ton of lime are medium in acidity and have an average pH 
value of about 5.0. Those that have received 8 tons of lime are not acid ac¬ 
cording to the Truog test and average about pH 6.65. The different sources 
of phosphate were applied on the basis of equal money values instead of 
chemically equivalent amounts. The different sources, however, carry approxi¬ 
mately the same amount of P2O5 except in the case of rock phosphate. The 
total amount of each phosphatic fertilizer applied to date is given in table 3. 
Hopkins et al. (9, p. 459) give the average crop yields and details of fertilization. 

TABLE 3 

Specific resistance^ parts per million POa and Ca in the first and second 200~cc. portions of 
the displaced solution from soil with the treatments indicated 
Soil from Odin, Illinois 


PLOT 

PHOSPHATE TREATMENT 

PO 4 CONTENF 

Ca CONTENT 

SPECIFIC 

RESISTANCE 

1 ton 
lime 

8 tons 
lime 

1 ton 
lime 

8 tons 
lime 

1 ton 
lime 

8 tons 
lime 



p.p,m* 

p.p.tn. 

p.p.m. 

P»PmtHt 

ohm 

ohm 


First portion of soil solution 


1 

Steamed bone meal, 4200 pounds... 

0.400 

0.360 


441 

249 

318 

2 

None. 

0.120 

0.260 


416 

315 

354 

3 

Acid phosphate, 7000 pounds. 

0.212 

0.897 

346 

562 

259 

224 

4 

Rock phosphate, 14,000 pounds.«.. 

0.154 

0 307 

299 

427 

235 

302 

5 

None. 

0.075 

0.142 

176 

384 

416 

314 

6 

Basic slag, 5250 pounds. 

1 


0.985 

466 

376 

190 

350 


Second portion of displaced solution 


1 

Steamed bone meal, 4200 pounds... 

0.446 

0.265 

236 

308 

378 

485 

2 

None. 

0.080 

0.236 

178 

237 

470 

560 

3 

Add phosphate, 7000 pounds. 

0.107 

0.772 

231 

375 

395 

354 

4 

Rock phosphate, 14,000 pounds.... 

0.100 

0.273 

214 

257 

347 

358 

5 

None. 

0.049 

0.152 

124 

260 

610 

445 

6 

Basic slag, 5250 pounds. 

0.245 

1.045 

265 

244 

296 

550 


Two experiments were carried out with this soil. The first consisted of a 
study of the displaced solution similar to that reported in table 1. The second 
was a study of the solubility of the soil phosphorus. The details of both ex¬ 
periments and the tabular results will be presented before discussing the results 
in detail. 

For displacement, 2400 gm. of soil at a moisture content of 20 per cent were 
packed in the displacement cylinder. Two successive 200-cc. portions of the 
displaced solution were obtained from each cylinder. These were analyzed 
for phosphorus and calcium and the specific resistance was determined. Dis- 
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placement was in duplicate, the single determinations being made on different 
days. The results are given in table 3. 

In the second experiment 40 gm. of soil was placed in a ISO-cc. collodion 
sack, 100 cc. of water added and the sack placed in a 250-cc. beaker containing 
100 cc. of distilled water. After 24 hours, the diUusate was removed and 
rej)laced with 100 cc. of distilled water; this process was repeated for 17 days. 
Each day the amount of phosphorus in the dillusate was determined. The 
soil was kept in suspension moderately well by hand shaking three times a 
day. The first day the solution removed was equivalent to a 1:5 extract; 
the second day it was theoretically equivalent to a 1:10 extract; the third day 
it was equivalent to a 1:20 extract. By removing one-half of the solution each 
day and replacing it with distilled water the proportion of water in the soil- 
water ratio would theoretically be doubled. Calculated on this basis the soil- 
water ratio on the seventeenth day would be 1:327,680; or if we assume that the 
initial extract contained 1.0 p.p.m. POi and that no more phosphorus came into 
solution from the soil, then, according to the procedure followed, the diffusate 
on the seventeenth day would contain 0.000,015 p.p.m. PO4. Such a calcula¬ 
tion illustrates the degree to which the soil was washed by the dialyzing process. 
Considering the extent to which the soil was washed one would expect a con¬ 
siderable decrease in the phosphate concentration of the solution removed 
on successive days. The results of this experiment are given in table 4. The 
figures for the ‘‘no phosphate’^ plot are tihe average for the two unfertilized 
plots. 

The results of these two experiments afford some interesting data relative 
to the influence of lime and of different phosphatic fertilizers on the phosphate 
content of the soil solution and of soil extracts. The data may be conveniently 
discussed by considering the influence of each form of phosphatic fertilizer on 
the behavior of phosphate in the soil. The several forms of phosphate will 
be considered in the order in which they appear in tables 3 and 4. 

Steamed bone meal caused a higher concentration of phosphate in the soil 
solution and in the soil extracts from the light limed plots than any other form 
of phosphate. On the other hand the application of 8 tons of lime had a very 
marked depressing effect on the solubility of phosphate from steamed bone 
meal. This is most strikingly shown by a study of table 4. The phosphate 
content of the extract from the plot receiving 1 ton of limestone is consistently 
about 75 per cent higher than on the heavily limed plot. The reduced solubil¬ 
ity of phosphorus in the bone meal plot due to heavy liming is also shown by 
comparing the phosphate content of the first and second portions of the dis¬ 
placed solutions. On the plot receiving 1 ton of lime the phosphorus content 
of the second portion was greater than that in the first portion or soil solution. 
This was the only plot in which that was true for the soil receiving the small 
amount of limestone. When the soil was heavily limed the phosphorus con¬ 
centration of the solution from the bone meal plot decreased in the second 
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portion. The percentage decrease was greater than on any other plot receiving 
the same lime treatment. 

It should be noted here that the phosphorus concentration of the extracts 
from all fertilized plots was considerably greater than the phosphorus con¬ 
centration of the soil solution. Burd and Martin (5) have observed that in 
some instances the phosphorus concentration of the second, the third, or a 
later portion of the displaced solution is greater than of the first portion, the 
true soil solution. They attribute the increased solubility to a reduction of 
the salt content of the successive portions of the displaced solution. The 
salts, particularly those containing the calcium ion, would reduce the solubility 
of phosphates. That explanation is probably correct and serves to explain 
the differences in the phosphate concentration of the soil solution and soil 
extracts. To obtain a higher concentration of phosphorus in the extract than 
in the soil solution the presence in the soil of a considerable amount of readily 
soluble phosphate is essential. When the readily soluble phosphate is not 
present the phosphate content of the extract will generally be lower than that 
of the soil solution. 

Apparently there are at least two factors determining the phosphorus con¬ 
centration of the soil solution or extract. The first factor is the amount and 
nature of the phosphatic compounds in the soil. Readily soluble or readily 
hydrolyzed phosphorus compounds tend to produce a high concentration of 
phosphorus in (;he soil solution. Precipitated calcium phosphate is more 
soluble than iron and aluminum phosphates and consequently causes a higher 
phosphate content of the soil solution or extract. That is undoubtedly the 
reason liming increases the concentration of phosphorus in the soil solution 
from soils fertilized with acid phosphate. The second factor influencing the 
concentration of phosphorus is the amoimt and composition of salts in the 
soil solution or extract. A high concentration of calcium salts would depress 
the solubility of all forms of phosphorus in the soil. The first factor is doubtless 
the more important of the two. Thus liming the acid phosphate plot increased 
the concentration of phosphorus in the soil solution. At the same time the 
high calcium content of the soil solution of the limed plot had a depressing 
effect on the solubility of the phosphorus. This depression of the solubility is 
seen by comparing the phosphorus concentration of the soil solution given in 
table 3, and of the soil extract, table 4. However, the increased solubility 
resulting from the first factor was greater than the depression in solubility due 
to the second factor. The second factor, the calcium content of the soil 
solution, reduces phosphate solubility in both limed and unlimed soil. 

A study of the data for calcium and for specific resistance, given in table 3, 
shows that there is no corrdation between the calcium and the phosphorus 
content of the soil solution; neither is there a relation between the specific 
resistance and the calcium or phosphorus content. Plot 6, receiving basic 
dag is a striking illustration of this fact. The soil solution from the heavily 
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limed plot contains less calcium and has a greater resistance than the soil 
solution from the plot receiving the small application of lime. The phosphorus 
concentration of the solution, however, was increased 338 per cent by the 
heavy application of limestone. 

The phosphorus concentration of the soil solution and of the extracts from 
the unfertilized plots was materially increased by heavy liming. This indicates 
that liming makes more available the native soil phosphorus as well as that 
added as add phosphate or basic slag. 

The benefidal influence of lime on phosphorus solubility was greater on the 
acid phosphate plot than on any other plot in the experiment. The heavy 
application of limestone increased the phosphorus concentration of the soil 
solution 420 per cent, and of the 1:5 extract, 750 per cent. As has been in¬ 
dicated this influence of Ume can doubtless be attributed to the formation of 
caldum phosphates instead of iron and aluminum phosphates when the soluble 
phosphate reacts with the soil constituents. 

Apparently, the availability of rock phosphate was not materially influenced 
by liming. The data in table 3 indicate an increased solubility due to the 8 
tons of lime. The soil solution from the heavily limed plot contained 
0.307 p.p.m. PO4 compared with 0.154 p.p.m. from the plot receiving only 1 
ton of lime. The data in table 4, on the other hand, indicate a depressed 
solubility due to liming. After the first day the phosphorus concentration 
of the extracts from the heavily limed plot was always less than that from the 
plot receiving 1 ton of lime. A large amount of evidence from field and green¬ 
house experiments indicates a depressed availability of the phosphorus of rock 
phosphate due to liming. The work on phosphorus solubility (table 4) in¬ 
dicates a considerably depressing effect but the work with the soil solution 
indicates an increased solubility due to lime. 

The solubility of phosphorus in the basic slag plot is increased by liming to 
almost the same extent as that in the acid phosphate plot. Heavy liming 
increased the phosphorus content of the soil solution 338 per cent, and the 
phosphate concentration of the 1:5 extract, 1050 per cent. The maximum 
concentration of phosphorus in the extract was 2.24 p.p.m. POi on the third 
day. On the same day the acid phosphate plot gave a maximum concentra¬ 
tion of 3.0 p.p.m, PO4 in the extract. 

The results of these experiments are in accord with those of Prianishnikov 
(15), who found that lime depressed the assimilation of phosphorus from bone 
meal and from rock phosphate but either did not affect, or increased, the as¬ 
similation from acid phosphate. His eseperiments were in sand cultures with 
several crops as indicators of phosphorus assimilation. 

The second experiment (table 4) shows the ability of the soil to renew the 
phosphorus content of the extract over a period of time. As has been indi¬ 
cated, the extract on the first day had a soil water ratio of 1:5. The proportion 
of water doubles on each succeeding day, giving a ratio of 1:20 on the third 
day, and 1:327,680 on the seventeenth day. A study of table 4 shows that the 
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maximum concentration of phosphorus was not found on the first day and in 
some instances not until the sixth day. Usually the maximum for the heavily 
limed plots was reached on the third day whereas the maximum for the lightly 
limed plots was reached on the sixth day. This increase in concentration 
after the first day may have been due to the reduction in the salt content of the 
extracts. Again, it may have been due to the fact that the soil remained in 
suspension somewhat better after the salt content was reduced. After reach¬ 
ing the maximum concentration the phosphorus concentration of the extracts 
gradually declined. The decrease in concentration was most rapid for the 
heavily limed acid phosphate and basic slag plots. In those plots the con- 

TABLE 4 

JPO 4 content of the diffusate obtained on successive days from soil receiving the 
treatmefUs hidicated 
Soil from Odin, Illinois. 


P04 IN DBPPUSATE 


FUOSPHATL AND LXBCC TKEATMCLNT 

First 

(lay* 

Third 

day 

Fifth 

day 

Seventh 

day 

Tenth 

day 

Thir¬ 

teenth 

day 

Seven¬ 

teenth 

day 

Bone meal ^ 

1 ton lime. 

p.pm, 

1.200 

p.p.m. 

1.480 

p.p m. 

1.520 


p.p.m. 

1.160 

p.p.m. 

0.960 

pp.m. 

0.720 

8 tons lime. 

■iHfOIl] 


0.760 

ISRiit 




Acid phosphate 

1 ton lime. 

0.370 

■ 


0.080 


0.620 


^ 8 tons lime. 


qs 



1.920 


1.160 

Rock phos- ^ 

1 ton lime. 

0.340 

0.560 

0.620 





phate 

8 tons lime. 




0.440 

IH 

IH 

0.220 

Basic slag j 

f 1 ton lime. 



0.340 





[ 8 tons lime. 



2 240 

1.720 

09 

1.240 

0.820 

No phosphate ^ 

r 1 ton lime. 



0.025 



0.024 

Trace 

( 8 tons lime. 

IB 

IH 

0.217 

0.217 

0.210 

0.143 



The diffusate obtained the first day was equivalent to a 1:5 extract. 


centration of the extract on the seventeenth day was less than one-half the 
concentration of the extract on the fijrst day. When only 1 ton of lime was 
used with acid phosphate, rock phosphate, and basic slag, the phosphate con¬ 
centration of the extract on the seventeenth day was greater than on the first 
day. It was, however, considerably lower than the maximum concentration 
of the sixth day. These three plots reached the maximum on the sixth day 
although that is not indicated in the table. Taken as a whole, the results in¬ 
dicate the remarkable ability of the soil to maintain a given concentration of 
phosphorus in the soil solution. The concentration maintained will vary a 
great deal from soil to soil but the phosphorus concentration in the soil solution 
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of one soil probably does not fluctuate a great deal. In this respect phosphorus 
differs from most of the other essential elements. 

Fertility experiment, Toledo, Illinois 

The plots, whose treatment is indicated in table 5, afford a comparison of the 
influence of liming on the native soil phosphorus and on phosphorus added in 
acid and rock phosphate. The soil is a gray silt loam on tight clay and is 
strongly acid by the Truog test. Hopkins et al. (9) give the detailed treat¬ 
ments and crop 3delds for these plots. 

The soil was brought to a moisture content of 20 per cent for displacement. 
Displacement and the phosphorus determinations were made in duplicate. 
Table 5 gives the phosphate concentration of the soil solution and of the 1:5 

TABLE s 

The phosphorus corUent of the soil solution and soil extracts from soil wUh the 
treatments indicated 
Soil from Toledo, Illinois 


PLOT 

HtniBER 

TREATIffiNT 

POl CONTENT 

Soil solution 

1:5 extract 

1:25 extract 



noon 


PP-m, 

301 N 

L (2 tons). 


Trace 

Trace 

301 S 

None. 

■!m!wW 

Trace 

Trace 

306 S 

R. 

0.039 

Trace 

Trace 

307 S 

R, L (8 tons). 

0.433 

Trace 

Trace 

305 N 

R, AP (800 pounds). 

0.050 


mSm 

306 N 

R, RP (1 ton). 

o.oso 

■!» iM 


307 N 

R, L (8 tons), AP (800 pounds). 

0.445 

0.400 

R| 

308 N 

R, L (8 tons), RP (4 tons). 

0.373 

0 090 

0.045 

309 S 

R, L (8 tons), RP (tons), K. 

0.264 


0.040 


and 1:25 water extracts. The extracts were made in the usual manner, 21 
hours being allowed for the system to come to equilibrium. 

The results obtained with this soil confirm those already reported. In 
every instance liming materially increased the phosphorus content of the soil 
solution—in most cases, approximately 800 per cent. The results obtained 
with the extracts differ in several respects from those obtained with the soil 
solution. The extracts from all plots not receiving phosphatic fertilizers con¬ 
tained only a trace of phosphorus. Liming the unfertilized plot produced a 
large increase in the phosphorus content of the soil solution. However, the 
amount of readily soluble phosphorus must have been very low, for the extracts 
contained only a trace of phosphate. Liming materially increased the phos¬ 
phate concentration of the extracts from the add phosphate plots. The 
solubility of rock phosphate was apparently reduced by limin g. The unlimed 
rock pho^hate plot received only 1 ton of rock phosphate whereas the limed 
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plot received 4 tons. In spite of this higher rate of fertilization the extracts 
from the limed plots contained less phosphorus than the extracts from the 
unlimed plot. This is similar to the results obtained on the soil from the Odin 
field. 

A study very similar to that made on the Toledo field was also made on soil 
from the Aledo, Illinois, field. The soil treatments were almost identical with 
those of the Toledo field. The soil is a strongly acid black day loam. As 
considerable difficulty was experienced in displacing the soil solution, the 
results obtained for some plots are not very dependable. However, the results 
are similar to those obtained from the Toledo fidd except that the phosphorus 
concentration of the solution and of the extracts was lower and the influence 
of liming was not as great. 

Wooster^ Ohio and Berea^ Kentucky soils 

The soil solution from the limed and unlimed halves to plots 10 and 11 of the 
S-year rotation at Wooster was obtained and the concentration of phosphorus 
determined. Considerable difficulty was experienced in obtaining the soil 
solution by displacement; consequently, the results are for single determina¬ 
tions and are therefore subject to error. Liming did not influence the con¬ 
centration of phosphorus in the soil solution of the unfertilized plot, the con¬ 
centration in both the limed and unlimed soil being 0.12 p.p.m. PO4. The 
phosphate concentration of the solution from the fertilized plot was 0.13 p.p.m. 
in the unlimed soil and 0.18 p.p.m, in the limed soil. The extracts from these 
soils did not contain a determinable amount of phosphorus after the soil had 
been in the water 8 days. 

Studies similar to the above were made on soil from seven plots from the 
Berea, Kentucky field (16). The water extracts of most of the plots did not 
contain a determinable amount of phosphorus. Liming increased the phos¬ 
phate content of the solution from the acid phosphate plots from 0.094 p.p.m. 
to 0.280 p.p.m. Liming had no influence on the phosphate content of the 
plots receiving manure or rock phosphate. These results confirm those that 
have been presented in more detail. 

TUE <X)NCENTRATION OP PHOSPHORUS IN THE SOIL SOLUTION AND SOIL EXTRACTS 
AS RELATED TO PLANT GROWTH 

Numerous attempts have been made to secure a laboratory method that will 
give an accurate measure of the availability to plants of phosphorus in the soil. 
Some of the methods that have been advanced for the purpose have been 
partially successful. None of the methods, however, can be considered wholly 
successful. 

A study of the relation between the concentration of the phosphorus in the 
soil solution and its availability would seem desirable. The results reported in 
this paper make possible such a study on a limited number of soils whose ferti¬ 
lizer treatment and productive power are known. 
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The data secured do not indicate a close correlation between the phosphorus 
content of the soil solution and the availability of the phosphorus in different 
soils. In fact the data indicate that the phosphorus content of the water 
extract is in some instances a better criterion of phosphorus availability than 
the phosphate content of the soil solution. The results secured with the soil 
from the Toledo field (table 5) serve to illustrate this fact. The plot receiving 
residues and 8 tons of limestone had almost the same concentrations of phos¬ 
phorus in the soil solution as the plot receiving acid phosphate in addition to 
residues and limestone. The plot receiving acid phosphate and residues but 
no lime had less than one-eighth as much phosphorus in the soil solution as the 
plot receiving residues and lime. The results are: 0.05 p.p.m. PO 4 for the 
“residue and acid phosphate” plot; 0.433 p.p.m. POj for the “residue and lime” 
plot, and; 0.455 for the “residue, add phosphate, and lime” plot. The results 
are not in accord with expectations regarding the availability of the phosphorus 
to crop plants. The corresponding figures for phosphorus in the 1:5 soil 
extracts are: trace, 0.12 p.p.m. and 0.4 p.p.m. These results are in the order 
we would expect from our knowledge of the plots. A study of the data from the 
Cullar’s rotation plots, given in table 2, also shows that the water extracts give 
results that are in better agreement with the known availability of the soil 
phosphorus than the results obtained from a study of the soil solution. Ap¬ 
parently, under the conditions of this investigation, the phosphorus content of 
the soil solution indicates the maximum concentration of phosphorus that can 
be found in the soil under the particular conditions of salt content and re¬ 
action—an equilibrium has been established between the soil solution and the 
solid phase. On the other hand, the concentration of phosphorus in the soil 
extract seems to be a good index of the ability of a soil to maintain the phos¬ 
phorus content of the soil solution. 

The water extracts from several of the soils studied give results entirely 
different, however, from those to be expected from our knowledge of the plots. 
The soil from plot 11 of the 5-year rotation at Wooster, Ohio gave an extract 
that contained only a trace of phosphate and yet the average corn yield from 
this plot is 43 bushels. Likewise, the soil from the unfertilized plot of the 
Aledo, Illinois field gives an extract very low in phosphorus but the plot has 
an average com 3 deld of 56.1 bushels. Similar results were secured from the 
plots of the Berea, Kentucky field. It is evident, therefore, that the phos¬ 
phorus content neither of the soU solution nor of the soil extracts is a good 
indicator of the rdative availability of phosphorus in different soils. There is, 
apparently, another factor or group of factors, infiuendng pho^horus avail¬ 
ability that as yet has not been thoroughly studied or measured. The amount 
and nature of the soil colloids is undoubtedly one important factor to be con¬ 
sidered in some detail. Before definite conclusions can be drawn regarding 
the problem of pho^horus availability it will be necessary to make a more 
thorou^ study on a number of soils, including greenhouse studies on the 
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response of different crops to phosphatic fertilization when grown on different 
soils. 

Another phase of the phosphorus problem of interest in connection with 
the results obtained is that of the absorption of phosphate by plants from 
solutions of different concentrations. The concentration of phosphorus in 
the soil solution is evidently very low, rarely 1.0 p.p.m. PO 4 and frequently as 
low as, or lower than, 0.1 p.p.m. The concentration of phosphorus in the 
fertilized plots of the Aledo, Dlinois field was approximately 0.1 p.p.m. PO4. 
Do plants secure their phosphorus from solutions of such low concentration? 
Most culture solutions contain over 100 p.p.m. PO4. Hoagland and Martin 
( 8 ) have shown that barley will make a good growth in culture solutions con¬ 
taining as low as 1.1 p.p.m. PO4. When the concentration was reduced to 
0.7 p.p.m. the yield of barley was considerably reduced. Their results indicate 
that growth would be poor in a solution containing only 0.1 p.p.m. PO4. If 
this is the case how can one explain pho^hate absorption by the plant? Does 
the plant secure its pho^horus from the same soil solution that is obtained by 
the displacement method? A study of the application of Donnan equilibria 
to soils has led the writers to believe that the plant does not necessarily obtain 
all of its phosphorus from this soil solution. It seems probable that the plant 
may obtain most of its phosphorus from a solution at the surface of the soil 
particle and that the phosphate concentration of this solution may be con¬ 
siderably greater than that of the remainder of the soil solution. 

According to the Donnan theory of membrane equilibria non-diffusible 
ions on one side of a membrane cause an unequal distribution of the diffusible 
ions on the two sides of the semipermeable membrane. Dorman (7), discussing 
the application of the theory to soils, states that the presence of a membrane 
is not necessary to the establishment of a Donnan equilibria. Loeb (11, 
chapter 9) has shown that such an equilibrium is established when particles of 
gelatin are suspended in solutions. Wilson (4) gives an e}q>lanation of the 
Donnan theory as applied to colloidal particles. He also explains some of the 
properties of colloidal gold on the basis of the Donnan theory. The authors 
(17) have suggested the Donnan theory as an esplanation of the fact that a 
soil suspension will invert more sugar than a soil extract of the same hydrogen- 
ion concentration. The soil particles of an add soil contain alumino silicates 
that act as non-diffusible ions. They cause an unequal distribution of the 
hydrogen-ion at the surface of the partide and in the free soil solution, the 
H-ion concentration being greatest at the surface of the partide. In a similar 
manner the soil partides contain compounds of iron, of aluminum, and of 
calcium that behave as non-diffusible ions. These compounds would, there¬ 
fore, cause a higher concentration of phosphorus at the surface of the partide 
than in the soil solution that is obtained by di^lacement. The plants may, 
therefore, obtain their phosphorus from this more concentrated solution at the 
surface of the partide. Using the above explanation as a working hypothesis 
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the writers are conducting some experiments to determine the validity of the 
explanation. The data secured will be presented in a subsequent paper. 

There is some evidence in the literature indicating that plants obtain their 
phosphorus from a more concentrated solution at the surface of the soil or 
phosphate particle. The experiments cited do not offer positive proof of the 
suggested hypothesis but they are subject to that interpretation. 

Kossovitch (10) has shown that plants grow much better in sand cultures in 
which rock phosphate is mixed with the sand than in similar cultures which 
derive all their phosphorus from the daily leaching of cultures containing rock 
phosphate. He attributes the increased growth of plants in the first scries to 
the action of the roots on the particles of phosphate. However, it may be that 
the concentration of phosphorus at the surface of the phosphate particles was 
much greater than in the leachings from the culture. Marias (12) has shown 
that root development of plants in sand cultures containing plates of insoluble 
phosphate, is limited almost exclusively to the surface of the phosphate plates. 
Undoubtedly the plants secured practically all of their phosphate from the 
surface of these phosphate plates. The experiment indicates that the contact 
of the roots with the particles of insoluble phosphate is essential to growth. 
This may be due to the fact that the roots have a corrosive or solvent action 
on the phosphate or to the fact that the phosphate concentration at the surface 
of the particle is higher than in the remainder of the culture solution. There¬ 
fore, the plants would secure their phosphorus from the more concentrated 
solution. The concentration of phosphorus in the remainder of the solution 
was probably too low to permit absorption by the plant. 

SUMMARY 

The experiments reported were undertaken to determine the influence of 
lime and of different phosphatic fertilizers on the concentration of phosphorus 
in the soil solution and in soil extracts. The study was made on soils from field 
experiments in Alabama, Illinois, Ohio, and Kentucky. The phosphatic 
fertilizers used in the experiments included acid phosphate, rock phosphate, 
steamed bone meal, and basic slag. 

The soil solution was obtained by the displacement method. Soil extracts 
were prepared by use of collodian sacks, the diffusate being used for the deter¬ 
mination of phosphorus. The latter was determined by a rapid, sensitive 
colorimetric method. 

Liming increased the phosphorus content of the soil solution and of the ex¬ 
tracts from soils receiving add phosphate or basic slag. The influence of lime 
on the solubility of rock phosphate was not great; in some cases it apparently 
increased, and in others reduced, the availability of rock phosphate. Liming 
had a very dedded, depressing effect on the solubility of phosphorus in steamed 
bone meal. 

The results of an e3q)eriment show that the soil has a remarkable capacity 
for maintaining a given concentration of phosphorus in the soil extract. 
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The relation of the results to the absorption of phosphorus by plants is dis¬ 
cussed. It seems doubtful whether plants absorb all of their phosphorus from 
solutions of as low a concentration as the soil solution. In the soils studied, 
the soil solution rarely contained l.O p.p.m. PO4; frequently it was less than 0.1 
p.p.m. Reasoning from the basis of an application of the Donnan theory of 
membrane equilibria the authors advance the hypothesis that the concentra¬ 
tion of phosphorus at the surface of the soil particle is greater than in the soil 
solution obtained by displacement. A plant probably absorbs some of its 
phosphorus from this more concentrated solution at the surface of the soil 
particle. 
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SYNTHETIC CALCIUM SILICATES AS A SOURCE OF AGRICUL¬ 
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BIOLOGICAL ACTIVITIES IN THE SOIL* 
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A comparative study of the influence of several different forms of lime on 
plant growth was reported elsewhere (1). Certain bacteriological studies 
were made parallel with those vegetation studies, with particular reference to 
the influence of synthetic calcium silicates as carriers of agricultural lime. The 
microbiological factors investigated in this connection were: (a) bacterial 
numbers, (Z>) nitrate formation and (c) sulfate formation. The numbers of micro¬ 
organisms and the nitrate formation in the soil were selected because, as 
Waksman has shown elsewhere (25, 26), the results obtained from a study of 
these factors can serve as functions of the microbiological condition of the soil. 
The results are briefly reported here. 

INFLUENCE OF VARIOUS FORMS OF LIME UPON BACTERIAL NUMBERS IN THE SOIL, 
AS DETERMINED BY THE PLATE METHOD 

Dch^rain (7) reported interesting data on the increase in numbers of bacteria 
with increased applications of calcium carbonate. Fischer (9) found that both 
calcium oxide and calcium carbonate produced an increase in the number of 
bacteria in the soil, especially where small amounts were used (e.g.,0.1 per cent 
CaO). With the addition of lime the bacteria increased in greater proportion 
thanthemolds. Engbcrding(8),Brown(3),and Bear (2), working usually with 
one form of lime, have observed an increase in bacterial numbers with applica¬ 
tions of lime. Hutchinson (12) observed that whereas small amounts of CaO 
increased the bacterial numbers, large applications decreased the numbers, 
Connor and Noyes (6) observed that on some soils magnesite encouraged the 
multiplication of both aerobic and anaerobic bacteria more than did calcite, 
whereas on other soils the reverse was true. As shown elsewhere (25) the 

* Part II of a dissertation presented to Rutgers University in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 

2 The author takes this opportunity to express his appreciation of the sincere interest 
manifested by Dr. Selman A. Waksman in the direction of this problem. 

* Now Assistant Chemist, Soils, University of Florida Agricultural Experiment Station, 
Gainesville. 
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continued application of lime to a Sassafras soil resulted in a decrease in the 
number of fungi and an increase in the number of bacteria and especially of 
actinomyces. 

In these experiments, a study was made on the influence of ground limestone, 
of ca lcium hydrate, and of di-calcium silicate on the bacterial numbers of a 
Sassafras loam removed from experimental plots N and llA of the station. 
The soil from plot N has received annual applications of muriate of potash 
and acid phosphate for over ten years. The soil from plot 11A has received 
annual applications of potash, acid phosphate, and nitrogen in the form of 
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ammonium sulfate for over ten years time, but no lime, and was therefore very 
acid (pH = 4.05). 

Quantities of these two soils were weighed into pots and treated with calcium 
hydrate, ground limestone, and di-calcium silicate on an equivalent CaO basis. 
A constant moisture content was maintained and samples were taken at inter¬ 
vals for the determination of the bacterial numbers, sodium albuminate agar 
(10) being used. Two plates of two dilutions were madeandincubated at 28®C. 
Counts were made after 24- and 48-hour incubations. 

The treatments used and the numbers of bacteria espressed as hundred 
thousands per gram of air-dried soil are given in table 1. In both soils the 
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bacterial numbers increased to a maximum within one or two weeks and 
decreased to almost a constant number within the following few weeks. It is 
significant that the influence of air-drying followed by moistening should pro¬ 
duce this result not only in all of the variously limed soils but also in the un¬ 
treated soils, this effect corresponding to partial sterilization [Waksman and 
Starkey, (27)]. Similar results were obtained by Rahn (23) and Heinze (11). 

The bacterial numbers of the soil from plot N were, on an average, influenced 
by the application of di-calcivun silicate, of calcium hydrate, and of ground 


TABLE 1 

Bacterial numbers* in soils from plot N and plot 11 A treated with various fonns of Ume on ar^ 

equivalent lime {CaO) basis 


TKEATICBNT 

EQUrVAtENT APPLICATION 

OF QelO per acre 

S 

1 

s 

1 


after4 weeks 

i 

»o 

average 


pounds 








Soil from plot iV't 


No lime.. 


4.50 

S.S7 

13.90 

8.70 

5.95 

8.61 

16.30 gm, ground limestone. 



26.00 

34.40 

13.40 

22.80 

21.25 

19.20 gm. di-caldum silicate. 

11.70 gm. calciiun hydrate 4.27 gm. 

s 


70.00 

100.00 

38.80 

37.60 

61.60 

hydrated silica. 

EH 


57.00 

46.60 

36.20 

30.00 

42.70 


Soil from plot 11 At 


No lime. 

2,000 

3.60 

15.94 

10.50 


4.94 

7.49 

9.06 gm. ground limestone. 

2,000 


26.00 

68.00 



41.17 

10.66 gm. di-caldum silicate. 

2,000 


55.00 

55.60 


48.20 

54.95 

6.50 gm. calcium hydrate. 

2,000 





32.80 

30.70 


* Expressed in hundred thousands per gram of air-dried soil. 

118 pounds of soil per pot. 

1 10 pounds of soil per pot. 

limestone in order. (Fig. 1.) If the differences in the average relative crop 
yields as reported in a previous publication (1) are taken as significant, a very 
interesting correlation is found between crop yields and the stimulating effect 
of different forms of lime upon bacterial numbers. The same general trend 
is observed with the soil hrom plot llA, though the correlation is not so perfect. 

influence oe various torus of lime upon nitrate eoruation in soil 

The favorable influence of lime generally observed, both in the field and in 
laboratory studies, upon nitrate formation in the soil has been found to be due 
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largely to the neutralization of the acids formed in this process, thus creating 
a more favorable medium for the activities of the bacteria concerned. As a 
matter of fact, it has even been found (26) that in the case of an acid soil there 
is a direct relation between the amount of nitrate formed from ammonium 
salts and the buffering power (or presence of available base) of the soil. The 
erroneous idea of some early workers that nitrates are not formed in acid soils 
has been disproved by numerous investigators, however an adequate supply 
of basic materials was found to increase the speed of nitrate formation. In the 
numerous investigations reported, various forms of lime have been used with 
practically similar results: an increase in nitrification due to liming [Noyes 
and Connor (21) and Waksman 26)]. 

Soils previously treated with various liming materials and cropped several 
times (1),^ were used in further experiments on the effect of increasing amounts 
of limosil on the nitrification of ammonium sulfate, and for a comparison of the 
effects of various liming materials furnishing the same amount of CaO. Soils 


TABLE 3 

Rdation between increase in nitrate nitrogen (per 100 gm. of air-dried soil) and increased yield 
of crops on two soils treated with increasing amounts of Umosil 


LIUaSIL 

TREATMENT* 

EQUIVALENT 
APPLICATION OF 
CaO PER ACRE 

SOIL PROM PLOT llA 

SASSAFRAS LOAM 

Increase in weight 
of crop over no 
lime pot 

Increase in 
nitrate N over 
nolimef 

Increase in weight 

of crop over no 

lime pot 

Increase in 
nitrate N over 
no lime 

gm. 

Pounds 


mgm. 

gm- 

mgm. 

2.769 

500 

12.6610 

0.149 

5.4599 

0.324 

5.538 


14.8367 

1.248 

6.8327 

1.272 

11.076 


20.8974 

3.899 

8.3571 

5.674 

22.152 


24.9890 

10.814 

13.5445 

11.763 


* 10 pounds of soU per pot. 
t Based on laboratory studies. 


from the acid plot llA of the New Jersey plots, from aa old unlimed grass land 
(Sassafras loam), and from a well-limed alfalfa field (Penn loam) were used in 
these experiments. Short descriptions of these soils were given elsewhere (1). 
After the removal of the last crop, the three soils used under various lime treat¬ 
ments in pot culture work were thoroughly air-dried and used for the study of 
nitrate formation. Fifty-three milligrams of nitrogen in the form of ammo- 
niiun sulfate was added to 100 gm. of soil placed in tumblers, and each soil 
was brought to its optimum moisture content. 

At the end of an incubation period of 28 da}rs a 1 to 5 water extract of the 
soil was made and the nitrates were determined by the phenoldisulfonic acid 
method. Alum was used as a clarifier when necessary. Excellent agree¬ 
ment was obtained in the tumblers of like treatment Table 2 gives the treat- 

*Lunosil is an inqrare product—possibly a mono-caldiuu silicate is present as wdl as 
about 13 per cent free lime. The product contains about 41 per cent total CaO. 
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ments, the increase in nitrate nitrogen content, and the percentage nitrifica¬ 
tion of the nitrogen added as ammonium sulfate. 

Increased nitrification of ammonium sulfate followed with the increased 
application of limosil, the single exception being the 1000-pound application 
on the Penn loam. As would be expected, the several forms of lime were 
individual in their effects on nitrification in the various soils. For this reason 
there can be no correlation between nitrification as studied under laboratory 
conditions and the several crop yields. However, as shown in table 3, there is a 
correlation between the gain in nitrates produced by a given material (i.e. 
limosil) and the increase in crop production. Figure 2 shows the correlation 
between increase in nitrate production and increase in crop yield as obtained 
with the soil from plot llA. 



CaO as oLSaosUti 


Fio. 2, Showing Corrblahon Between Increase in Crop Production and Increase 

IN Nitrate Nitrogen (per 100 gm. op Air-dried Soil) in Soil prom Plot IIA 
Treated with Increasing Applications ov Liub as Lbiosil 

Though the rate of nitrification may vary with the form of lime used, yet a 
final and maximum production of nitrates (for a given set of conditions) in 
soils treated with the different forms of lime on an equivalent lime basis must 
be the same, at least xmder conditions precluding leaching of the soil. Thus 
when two soils were treated with various forms of lime and left standing under 
favorable conditions of temperature and moisture for a period of 30 weeks, 
the results as indicated in table 4 were obtained. No nitrogen-oariying 
compounds were added. 

In the Elkton silt loam and in the Sassafras loam, the final accumulation of 
nitrates was the same, regardless of the form of lime applied, where the same 
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amount of lime (CaO) was furnished in the various forms. From the meager 
data at hand it is impossible to say which form of lime causes nitrification to 
proceed at the greatest rate. It seems plausible, however, that those forms 
which are the more soluble and hence more active chemically, e.g., the oxide 
and hydrate, would bring about a very favorable condition for nitrification 
immediately after application, if not applied in amounts which inhibit bac¬ 
teriological processes, as shown by Fischer (9) Hutchinson (12), Hutchinson 
and MacLennan (13), Miller (20), Waksman and Starkey (27) and others. 

THE INFLUENCE OF VARIOUS FORMS OF LIME UPON SULFATE FORMATION IN 

THE SOIL 

The most extensive works on the effect of lime on the removal of sulfur from 
the soil are the lysimeter experiments of Lyon and Bizzell (16,17) and Macln- 


TABLE 4 

Influence of several forms of Ume applied on an equivalent lime basis on the nitriflcaiion of 

soil nitrogen 


TRCATICEMT 

EIXTOK SILT LOAM* 

SASSA37SAS LOABCf 


Relative nitrate 
content 

N as NOi per 
100 gm. soil 

Relative nitrate 
content 

No lime. 

mgm» 

3.09 


mtm. 

3.94 

100 

Calcium oxide. 

7.69 

249 

5.88 

149 

Calcium hydrate. 

7.70 

249 

6.63 

168 

Ground limestone. 

7.69 

249 

7.00 

177 

Di-caldum silicate. 

7.70 

249 

6.25 

158 

Limosil. 

7.33 

237 

5.75 

145 

Calcium oxide equivalent to free 
CaO in limosil. 

4.35 

141 

3.50 

89 


* Liming materials added to furnish 3200 pounds CaO per acre, 
t Liming materials added to furnish 2000 pounds CaO per acre. 


tire and associates (18), The study of the leachings from limed and unlimed 
soil indicates that applications of lime tend to increase the removal of sulfates 
from the soil. Lyon (IS) in a review of many experiments makes the 
statement; 

The effect of liming on the removal of sulfur in the drainage water is difficult to under¬ 
stand. Apparently when conditions are made more favorable for nitrification they arc 
not always more favorable for sulfofication. In other words, when liming increases nitiifica- 
tion it may or may not promote sulfofication. The data do not permit any further generaliza¬ 
tion. There is some indication, however, that a subsoil may absorb much of the sulfate 
formed in the upper soil. 

The results obtained by other investigators, such as Plummer (22), Christie 
and Martin (5), Lipman and fiericke (14), Robinson and BuUis (24), and 
others, do not improve upon the generalizations of Lyon. Brown and Kellogg’s 
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(4) investigations on the best method for the determination of sulfates in soils 
revealed some very interesting information relative to the solubility of soil 
sulfates in distilled water and in HCl. Their results indicate that extraction 
with distilled water is to be preferred to extraction with dilute HCL More 
recently Maclntirc and Shaw (19) have added further information to the sub¬ 
ject by their excellent studies relative to the formation of double sulfates 
of calcium and aluminium or iron in the i)rcsence ol an excess of calcium 
hydroxide. 

In general it may be expected that the application of lime in the several 
forms to acid soils will increase sulfate and nitrate formation in the same man¬ 
ner. But definite prediction of the effect of lime on a given soil may not be 
made without knowledge relative to the forms of sulfur in the soil and to the 
microbiological processes. The present work gives the results of a study of 


TABLE S 

The influence of increasing amounts of lime us limosil and equivalent applications in the several 
other forms on the readily soluble sulfates of two so-called acid soils and on a limed Penn loam 


TRFATlfl.N'l 

TiQtiivAti Nrr 
AI'M.lCAriOM or 
CaOPI-R ACRI. 

SOj PI R 100 GM, SOILS 

Soil from plot 
llA 

Sassafras loam 

Penn loam 


pottndi 


mgtn. 

rngm. 

No lime. 


19.89 

11.75 

22.53 

Limosil. 

500 

26.07 

12.75 

23.14 

Limosil. 

1,000 

29.15 

13.99 

24.57 

Limosil. 

2,000 

34.29 

18.01 

24.57 

Limosil. 

4,000 

38.49 

24.99 

24.78 

Limosil. 

2,000 

34.29 

18.01 

24.57 

Ground limestone. 

2,000 

29.34 

19.99 

22.16 

Calcium hydrate. 

2,000 

30.39 

17.83 

26.86 

Dicalcium silicate. 

2,000 

34.18 

20.16 

22.53 


the influence of several forms of lime on the accumulation of water-soluble 
sulfates in the soil under conditions precluding leaching. 

The water-soluble sulfates of the soil from plot 11 A, from the Sassafras loam, 
and from the limed Penn loam used in the other bacteriological studies were 
determined after the soil was cropped three times and thoroughly screened on 
removal from the pots. This was accomplished by shaking 200 gm. of soil 
with SOO cc. of distilled water for 4 hours, filtering the suspension first through 
a good quantitative filter and then through a Bcrkefeld filter. The sulfates 
were determined in the clear filtrate by precipitation with barium chloride. 
The results, expressed as milligrams of sulfate for 100 gra. of soil, are given in 
table S. The amounts of sulfates adsorbed by the plants arc not taken into 
consideration, but they cannot have been very great for the three crops re¬ 
moved. With increasing applications of limosil there is an increase in the sul¬ 
fates of the soil from llA and of the Sassafras loam. This increase is not ob- 
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served with the limed Pfenn loam. Thiis the sulfate formation evidently may 
be correlated with increased nitrate formation in the former soils, but not in 
the latter. However, in this connection, it must not be forgotten that the nitri¬ 
fication studies were made in the laboratory and with the addition of nitroge¬ 
nous materials, whereas the sulfates were formed from the native soil materials. 
The comparatively low yields of crops obtained on the Penn loam soil probably 
justify the assumption that both the nitrogen- and sulfur-bearing materials 
had been more completely decomposed in this well-limed soil, and that hence 
with further additions of lime there was little or no further decomposition. 

A comparison of the results obtained with equivalent applications of limosil, 
of ground limestone, of calcium hydrate, and of di-calcium silicate, shows that 
these materials are similar in their influence on sulfate formation, and that 
equivalent applications give for all purposes the same amount of sulfate. 
Naturally, the rate of sulfate formation may vary for the several materials. 

SUMMARY 

A study of the influence of several forms of lime, particularly calcium sili¬ 
cates, on the bacterial numbers, on nitrate formation, and on sulfate accumula¬ 
tion in several soils gave rise to the following generalizations: 

1. Chemically equivalent additions of ground limestone, of di-calcium silicate, and of 
calcium hydrate to soils deficient in basic materials increased the bacterial numbers in these 
soils in amounts varying with the form and the soil. 

2. Following the addition of ground limestone, of di-calcium silicate, and of calcium 
hydrate a rapid increase in the number of bacteria, followed by a decrease to almost a con¬ 
stant number was observed. This is no doubt due to the increase in available energy as a 
result of neutralisdng the acid reacting organic soil substances; after the energy made more 
readily available is used, the numbers of bacteria drop. 

3. Some correlation was obtained between the fertility of the soils under the various 
lime treatments and the number of bacteria, as estimated by plating on sodium-albuminate 
agar. 

4. With increasing applications of lime as limosil there is a corresponding increase in the 
formation of nitrates from ammonium sulfate. This increase can be correlated with in¬ 
creased yield of crop. 

5. Though chemically equivalent amounts of ground limestone, calcium hydrate, di¬ 
calcium silicate, and limosil influenced differently the rate of nitrate formation, the final 
accumulations of unlcachcd nitrate were the same, regardless of the form of lime. 

6. Extracts of two acid soils and of one weU-limed soil were made and analyzed for sul¬ 
fates. The soils had been treated with increasing applications of limosil and with chem¬ 
ically equivalent applications of calcium carbonate, calcium hydrate, limosil and di-caldum 
silicate, held under conditions precluding leaching, and had been cropped three times. The 
two acid soils showed an increased sulfate formation with an increased application of limosil, 
but the well-limed soil showed very small increases of sulfate with an increased limosil 
application. Chemically equivalent applications of the four substances affected the sul¬ 
fate formation in the same maimer in the three soils, producing substantially the same 
amount of sulfates. This is no doubt due to the increased microbiological activities,which 
resulted in a greater decomposition of organic matter and, therefore, in a greater libera¬ 
tion of sulfur in the form of soluble sulfates. 

7. The rapidity of the changes in the microbiological processes of the soil differed with 
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the nature of the material, though the final effects of chemically equivalent quantities of the 
several liming materials were the same. This may serve to explain the difference in the 
yields of the individual crops as a result of tlic different liming materials, although the 
averages of the results give practically no differences. 
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An understanding of the characteristic properties of a soil, necessitates a 
study of its origin. Since the publication of the author’s monograph on the 
alkali soils in Hungary, some of the publications of W. P. Kelley, C. S. Scofield, 
J. S. Joffe and H, C. McLean, and especially the English translation of the 
papers of the Russian investigator, K. K. Gedroiz,^ have appeared. These 
confirm the author’s experiences, some of which might supplement the results 
of the others. Most of the author’s investigations were published in Hun¬ 
garian, during and after the war, and no opportunity presented itself to trans¬ 
late them into English or other international language. As the author has 
now been charged by C. F. Marbut, chairman of the Fifth International Soil 
Commission, to organise an international subcommittee for the study of alkali 
soils, he feels it necessary to make available for further discussion his own 
experiences. The author does not intend to discuss in this paper the whole 
material treated by the above quoted investigators and by himself, but to 
recapitulate the different theories on the origin of alkali soils. 

The first scientifically supported theory on the origin of alkali soils was 
presented by E. W. Hilgard, who pointed out the difference between the lit¬ 
toral and the terrestrial salty soils. The latter were called alkali soils and were 
designated as a product of climate. According to this theory, they are the 
result of rainfall insufficient to leach out the salts that are formed progressively 
by the weathering of soils minerals; therefore, the more arid the climate, the 
more chance there is for the accumulation of alkali in the soil. Hilgard treated 
I the alkali soils as more or less impregnated with different sodium salts and 
emphasized largely the obnoxious effects of the latter on crops and fruit trees. 
In all his publications on this subject, he stressed the fact that if the obnoxious 
j salts are leached out, a soil of good fertility and of normal physical properties 
is formed. According to this theory, the problem of alkali-reclamation con¬ 
sisted chiefly in washing out these harmful soil constituents by irrigation and 
drainage. 

The author is far from minimizing the high merits of the old master on alkali 

^ Translated by S, A. Waksman of the New Jersey Experiment Station, New Brunswick, 
N. J., and mimeographed under the supervision of C. S. Scofield, U. S. Department of Agricul¬ 
ture, Washington, D. C. 
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reclamation. His pioneer work represents fundamental experiences in the 
utilization of alkali lands, and was the real starting point in the systematic 
reclamation all over the world. When, however, the author began in 1900 to 
study the Hungarian alkali soils, called “Szik”- or *‘Sz6k’Mands, he was imme¬ 
diately struck by two difficulties that could not be explained by the above- 
mentioned alkali theory. In the first place: Why are alkali soils scattered 
right amidst the best wheat soils? There is no appreciable difference in the 
climatic conditions and very often none in the topographic conditions which 
could throw light on the origin of alkali accumulation; for example, very 
frequently the worst alkali spots are found on the more level parts of the land. 
The second evidence against the alkali theory of Hilgard consisted in the fact 
that a considerable part of the alkali soils in Hungary, though practically 
deficient in sodium carbonate, and very poor indeed in water-soluble salts— 
ranging no higher than O.IS to 0.20 per cent in the soil—proved practiedUy 
impermeable to water and air, and showed the same ph 3 rsical properties as the 
real black alkali soils described by Hilgard. When moistened, the soil be¬ 
comes fluid and fills up the cracks and fissures of the underlying soil layers, 
which were previously dry; hence, the checkered appearance of the upper 
horizons, frequently observed in this class of alkali soils. This liquefying 
property of the surface horizon is very characteristic of this type of alkali soil 
and, as will be seen later, bears the proper relation to the composition of the 
so-called zeolite-humus-complex of the soil, regardless of the temporary salt 
content or occurrence of black alkali in the soil. It sounds paradoxical that 
the wetting or the penetration of the water in this liquescent matter is ex¬ 
tremely slow and does not reach any considerable depth. Hilgard ascribes 
the impermeability and puddling of the alkali soil to the carbonate of soda. 
In this case no carbonates whatever are found in the soil, but we have to do 
here with a zeolite-humus-complex saturated more or less with sodium ions, 
or with amorphous sodium zeolites and humates in a colloidal dispersion. 
When dry, the soil becomes hard like stone and quite unliHable. In the 
second soil horizon, nearer to the surface, is found the impervious hardpan, 
called “Szikfok,'' impregnated with dark colored humus and colloidal zeolites. 
This horizon has a more or less developed structure, resembling the profile of 
the Russian ‘‘Solonetz. ” Here again very often the salt content is quite incon¬ 
siderable and the carbonate of soda quite absent, showing that contrary to 
Hilgard’s beKef, the occurrence of this type of hardpan is independent of the 
presence of sodium carloncde. 

The first adverse criticism of Hilgard^s theory was soon eliminated by the 
study of the mechanical and physical condition of the alkali soil profijes, 
showing that in every case of alkali accumulalion, even in the sandy alkali soils, 
an impervious subsoil is found. Moreover, at certain times a dose relation is 
found between the depth of the impervious soil-layer and the accumulation of 
the salts, the latter being the more accentuated, the nearer it is to the imper¬ 
vious subsoil. This might be illustrated by the profile of the soil-section of an 
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irrigated alkali land at B6k&csaba surveyed by the author as far back as 1903 
(12, 14), It may be of some interest to see how the fluctuation of the salt 
content and the depth of the impervious subsoil interfere; therefore since 
the authors original publications in Hungarian would hardly be available to 
American investigators and since the Proceedings of the First Agrogeological 
Conference, in which the author’s results have been briefly reported in German, 
are already unavailable they are briefly summarized here. The distribution 
of the total salts to an average depth of 120 cm. is reproduced on the soil map 


TABLE 1 

Mechanical analysis of Bikiscsaha and Cservmdk soils 


DZAMCTEROF 
son. FRACTIONS 

ALKALI son AT b£s£sCSABA PLOT 38 

WHEAT son 07 CSCRVEKIk 

Depth of the son layer 


0 to 30 cm. 

60 to 90 cm. 

190 to 220 cm. 

0 to 30 cm. 

230 to 270 cm. 

mm. 

percetU 

per cent 

percent 

percent 

percent 

1-0.5 




1.86 

21.41 

0.5 -0.2 

0.44 


0.42 

23.32 

11 99 

0.2 -0.1 

7.37 

6.99 

2.11 

25.10 

26.55 

0.1 -0.05 

22.56 

16.85 

5.46 

17.10 

10.49 

0.05-0.02 

10.63 

10.45 

13.02 

5.88 

8.14 

0.02-0.01 

6.07 

2.68 

4.62 

2.41 

4.71 

0.01-0,0025 

26.03 

31.25 

34.88 

19.31 

10.71 

0.0025 

26.90 

25.78 

39.49 

5.02 

6.00 

Total. 

100.00 

100.00 

100.00 

100.00 

100.00 



TABLE 2 

Permeability of water in Bdkdscsaba and Csenendk soU-proJlts 


Time when water disappeared. 

Depth to which the soil column became 

moist when water disappeared. nm. 

Final depth of the moistened soil 

column. mm. 

Water column above the soil, at the end of 

the experiment. mm. 

Experimental period. days 


Not 

Not 

Not 

5 hr. 

reached 

reached 

reached 

20 min. 

0 

0 

0 

320 

55 

48 

22 

565 

89 

80 

85 

Nothing 

16 

6 

6 

16 


(plate 1), covering an alkali land of about 102 hectares. Samples were taken 
from two or more depths in about fifty different places, and the average salt 
content was used for the classification. The limits of the salt classes were 
mapped according to the natural or planted vegetation, because a dose con¬ 
nection has been found to exist between the salt content of the soil and the 
vegetation supported by it. Consequently the salt classification is in full 
harmony with the cultural classification. The author does not intend to 
treat here in greater detail the methods of surve 3 dng, though they are in some 
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respects diflEerent from those used ia America. He intends to show only how 
the vertical distribution of the four typical soil-horizons fluctuates in a cross- 
section through the different salt classes, along the ABCEDFGH-linc on 
plate 1. This and the corresponding average salt-content are reproduced 
on plate 2. The uppermost horizon represents the limit of the more 
or less dark-colored humus-horizon, which is itself divided into at least two 
different horizons, i.e., the surface eluvial, and the subsurface accumulation 
horizon. The second horizon (plate 2) consists of a yellow marl with numerous 
concretions of calcium carbonate. Then follows, in different thicknesses, a 
sandy loam, rich in micas, and rmder this the impervious bluish day, recov¬ 
ered in every alkali formation of similar type. If the corresponding salt- 
content in plate 2, figure 2 is now compared with the fluctuation of this imper¬ 
vious day-horizon, it becomes evident that the nearer the latter approaches 
the surface, the more the salts accumulate. 

Close to this alkali land, the best wheat-soils, with no trace of alkali, are 
found. It was interesting to investigate whether this impervious clay can be 
recovered here and to what depth. The soil examined was on the Cservenak 
farm, where, although the cli ma tic conditions hardly differed from those of 
B6k6scsaba, there was no trace of alkali in the soil. But, on the other hand, 
there was a striking difference in the mechanical composition, as well as in the 
ph}rsical properties of both soils. In table 1, the respective analyses of a 
heavy alkali soil-profile at Bdk6scsaba and on the farm of CservenSk are given. 

The results of some e:q>eriments on the permeability of both soil-types are 
reported in table 2. 

The data in both tables prove definitely that here we have to do with two 
soils of quite different physical properties, and espedally that, in the case of 
the wheat soil of Cservendk, the drainage of the whole soil-profile is a good one 
whereas that of B6k6scsaba is quite defident. It seems very likely that the 
alkali salts in the case of the good soil were drained to the deeper soil-layers, 
and in fact, if a bore is made to a depth of 10 to 15 m., saline water is found 
similar in composition to the suksoil water of the alkali soil at B6k6scsaba at 
a depth of about 2 or 3 m. Tables 3 gives the chemical composition of both 
waters. 

It follows then that, under the climatic conditions prevailing in Hungary, 
the natural leaching of the alkali salts is possible when there is not an imper¬ 
vious subsoil, which prevents the natural drainage and causes the accumulation 
of the water-soluble salts in the upper layer. 

The same was found in the sandy alkali soils. In this case a calcareous 
hardpan is found at a depth of about 1 to 3 m. under the sandy layer, again 
preventing any drainage. This hardpan is made up of the same sand with 
caldum carbonate. For the formation of this hardpan the black alkali present 
in these soils again might not be responsible, but there is every evidence of 
former swampy formations. On the other hand, the same calcareous hardpan 
is found in the more level parts of the adjoining soils where alkali does not 
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occur, showing that, in early times, when the stagnant water-level was higher 
than now, the swamp formation of this area was considerably greater. This 
is in full harmony with the historical fact, that, before the regulation of the 
streams, and the protecting of the lowland against the yearly inundations, the 
swampy and peaty areas were very considerable. Now in the lowest basins 
of this territory the typical black alkali soils are found. 

Here the third factor in the genesis of the alkali soils is foxmd; namely, under 
the semiarid climatic conditions found in Hungary the alkali occurrence coin- 

TABLE 3 


CJmiicd composition of subsoil water of B&tiscsaba and Cservendk soils 



Il|gg| 

DCSP-WLLL-WATER UX 
THE CSEEVCNAe FAUC. 
OEFEH OF TEE SPRING 
ABOUT 10-lS U. 


p.pm. 

ppm 

Na. 

2048.32 

528 90 

K. 

44 00 

70 32 

Ca. 

76.76 

92 54 

Mg. 

295 99 

119 75 

Cl. 

2214 00 



2474.82 

908 29 


... 

45 52 



63.78 


252 16 

881.70 

CO 2 (free). 

547 30 

Not determined 

Total... 

7953.35 

2815 93 


Percentage composition of positive and negative ions in gram equivalents 




percent 

1 percent 


[Na. 

75,3 

58.5 


Positive 


0.9 

4 6 

• 100 

ions 

JCa. 

3.2 

11.8 1 

jMg. 

20.6 

25 1 j 



fci. 

52 9 

7 6l 


Negative 

1 S 04 . 

43.6 

48 2 


NOi. 

• * 4 . . . 

1 9 

100 

ions ^ 

iCOt . 

3.5 

5 4 


HCOs. 

36 9 ^ 






Free CO®.1 

9.9 

1 Not determined 


1 

1 



cides with that territory which was temporarily overflowed with shallow water. 
The intensive evaporation of water in the dry summer and the imperviousness 
of the subsoil which prevented any drainage, caused the water-soluble salts to 
accumulate more or less according to the local soil and hydrological conditions. 
The author does not assume that in the drier countries, like the deserts of 
Africa, of Asia and of America, where the evaporation factor may be more 
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effective, the accumulation of alkali may be a purely climatic effect, though 
even in that case the temporary abundance of soil-humidity seems to be 
necessary to dissolve the salts and to bring them by capillarity or seepage to 
the surface soil. The writer docs not feel authorized to decide this question, 
but the occurrence of the alkali soils which were visited in the United .States 
and in Eg 3 q)l, as well as the publications of the respective countries aOirm this 
supposition and agree with the theory of the Russian agrogeologist K. Glinka 
(4). In his book on the different types of soil-formation, Glmka treats the 
continental salty soils in a separate chapter, characterizing them as products 
of temporary over-abundance of humidity, pointing out that, under similar 
conditions in the humid climate, there wotdd result real peats and swamps. 
But there is a st riking difference in the soil-forming factors of the two related 
types. In the case of swamps, the soil is formed in a somewhat acid medium, 
in contrast to the reaction of alkali soils. By this he does not mean the true 
alkaline reaction of normal sodium carbonate, but includes all carbonates 
soluble in the soil moisture. 

The author does not intend to treat in detail Glinka’s classification of the 
different salines, which harmonizes in many respects with his own published 
in German some years before (16), but the discussion will be confined to the 
theory of soil-formation in alkaline medium suggested first by Glinka. He 
shows by different water extracts, that the soil solution of the solonetz type of 
soil is alwa 3 rs alkaline, as the water extracts contain not only bicarbonates, 
but also normal carbonates which can be titrated with phenolphthalein. He 
further states, that the quantity of humus inaeases with the alkalinity of the 
soil-horizon. He suggests also that to dissolve humin substances the presence 
of normal carbonate of soda is required. An experiment is described which 
consists of treating a salt-free tschernozem with a solution of bicarbonate of 
soda or with the normal sodium carbonate, with the result that, in the first 
case, the percolation of the solution was very quick, and the percolate was 
faintly colored; in the case of the normal carbonate, the humus of the soil gave 
a dark solution, forming at a certain depth a dark-colored ring and preventing 
any further water movement. Similax phenomena have been observed re¬ 
peatedly in the author’s earlier experiments (12,14). Nevertheless, to see how 
these phenomena change with the concentration and the mixing-ratio of the 
different sodium salts, the following experiments were undertaken with the 
assistance of Emil BrSutigam. 

An alkali-free garden soil, rich in humus and in calcium carbonate was treated 
with different quantities of sodium salt solutions. The data are reported in 
table 4. To test the dissolved organic matter, different methods of deter¬ 
minations were used. As seen in table 4 the quantity of 0.1 N R.Mn 04 , 
necessary for oxidizing the dissolved total organic matter was determined. 
For this purpose a surplus of the permanganate solution was added to 10 or 
20 cc. of the soil solution, at ordinary laboratory temperature; then after 
boiling, 100 cc, of 2 iV sulfuric add and 10 cc. of 0.1 N oxalic add were added. 
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The latter formed an excess and the resulting solution became colorless; the 
surplus oxalic acid was then titrated back with the permanganate solution. 
The amount of permanganate necessary for the oxidizing of the organic matter 
could thus be determined. The corresponding amounts of oxygen and of 


TABLE 4 

Influence of salt solutions upon the extraction of organic matter from an alkdllfree soil 





m 100 ca OF solution 

1 

g 

I 

i 

AMOUNl AND 17ATT7KE 07 THE 
SOLUTION USED 

Time of revolvmg 

'g 

J 

1 

1 

amount of 

A 

i 

i 

(0 

s 

1 


•S^ 

1^ 

0.1 N pennaxig 
oxidation 

Carresponding 

oxygen 

1 

coloriuetrtc 

TO LOVIBOND 


gtn. 


hrs. 

CC^ 

cc. 

mgtn. 

mgm. 


1 

50 

S00cc.iVNa4CO, 

24 

10 

18.58 

14.98 

44.41 

95.5 

2 

50 

500cc.i\rNaaCOs 

48 

10 

18.58 

14.88 

44.41 

98.0 

3 

SO 

S00cc.ArNa4CO, 

120 

10 

18.58 

14.88 

44.41 

98.0 

4 

S 

S00cc.J\rNaaCO, 

24 

10 

3.54 

2.80 

8.46 

9 0 

5 

50 

500cc.0,ljYNaaCO, 

24 

10 

17.70 

14.16 

42.30 

Over 









100.5 

6 

5 

S00cc.0.1iV^N^CO, 

24 

10 

2.65 

2.16 

6.33 

28.5 

7 

50 

500cc^‘Na2S04 

24 

mi 

2.21 

1.76 

5.28 

6.0 

8 

50 

500cc.JVNaCl 

24 

mi 

0.88 

0.72 

2.10 

2.5 

9 

SO 

500cc.iVNaHCO, 

24 


7.69 

6.40 

19.02 

38.0 

10 

50 

(250 cc. N N^COal | 

\2S0cc.ArNaCl J * 

24 

10 

12.39 

9.92 

29.61 

67.0 

11 

50 

SOOcc.O.liV'NaHCO, 

24 

10 

0.88 

0.72 

2.10 

1.0 

12 

50 

( 50cc,iVNaaCO,\ 1 

l4S0cc.JVNaCl / 

24 

10 

7.04 

0.56 

16.83 

24.0 

13 

50 

j 

( 50 cc. N Na*CO,\ 
\450cc.jYNa4SO4j 

24 

10 

11.10 

8.88 

26.53 

56.0 

14 

SO 

(250cc.0.1iVNa,CO,\ 
\2S0cc,0,liV^NaCl / 

24 

10 

9.77 

7.84 

23.35 

61.0 

15 

so 

(250cc.0.1iV’NasC08\ 

\250cc.0.1iV'Na4504j 

24 

10 

10.21 

8.16 

24.40 

61.0 

16 

50 

( 50cc.0.1iV’Na*CQ,\ 
\4S0cc.0.1iV^NaCl J 

24 

10 

2.22 

1.76 

5.31 

2.0 

17 

50 

( 50cc.0.1iVNa,CO,\ 
\4S0cc.0.1jYNaaSO4i 

24 

20 

0.44 

0.32 

1.05 

2.0 


humus were also calculated. In this case 1 cc. of 0,1 N ElMn 04 was found to 
correspond to 0.0008 gm. oxygen, or to 0.002385 gm, soluble humus. 

The other method of determining the quantity of dissolved humus was the 
colorimetric method of Lovibond, used in brewery practice. The set of 
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colored standard glasses compared fairly well with the brown-colored soil 
solutions. At first glance (table 4) no direct correlation seems to exist between 
the amount of organic matter and the colorimetric values. This may tend to 
show that the solvents employed extracted different amounts of colored 
organic matter. It seems very likely that normal carbonate of soda favored 
to a high degree the dissolution of dark-colored matter, whereas sodium 
chloride acted in the opposite manner. 

The first three experiments were intended to demonstrate that by treating 
the soil for 24 hours in a revolving apparatus and then allowing the solution 
to settle for 48 hours, the equilibrium may be reached. In the corresponding 
column the time of revolving is given; the time of settling, being equal, was 
left out of the table. The fourth experiment shows that the smaller the 
amount of soil used the greater is the amount of dissolved organic matter. 
The same holds true for experiment 6. The fifth experiment shows that by 
treating the soil with one-tenth normal sodium carbonate instead of normal 
solution, the dissolved organic matter hardly differed and the tint of the solu¬ 
tion seemed somewhat darker than in the case of the normal solution. Experi¬ 
ments 7, 8, and 9 show that, for the given concentration, the bicarbonate 
dissolved most, followed by the sulfate, and last by the chloride. But the 
further examination of the bicarbonate solution was found to contain some 
normal carbonate, derived from the decomposition of the relatively concen¬ 
trated solution. In experiment 11, where there was no chance for the decom¬ 
position of bicarbonate, the dissolved organic matter was very low and nearly 
colorless. The other experiments show that the presence of sodium chloride 
or sulfate, especially in the more dilute concentrations, prevents materially the 
dissolution of humus. Thus the author’s recent experiments seemingly corrob¬ 
orate the theory of Glinka. Nevertheless, practical experiences do not fully 
agree with the author’s idea that in alkali soils the solubility may be solely 
dependent on the presence of alkaline salts and their relative concentration, 
A number of alkali soils nearly free from alkaline salts, but rich in soluble 
humus, could be found. This seems to suggest that here we have to do with 
a water-soluble humus, which differs in this respect very strikingly from 
humus of a neutral garden soil, or a ‘^Tschemozem.” 

Indeed if we treat a neutral prairie soil with normal sodium chloride, until 
the exchangeable calcium is taken out of the soil, then wash with distilled 
water, the solution becomes darker, because the calcium cation, which 
saturated in some way the humus-complex, was exchanged by the sodium 
cation, giving rise to the formation of humus-dispersoids, or as might be 
supposed, of sodium-humates, which are likely to be more soluble in water 
than the calcium-humates. The theoretical question as to whether this might 
be a purely physical or chemical reaction cannot be discussed further; the fact 
to be emphasized is that, in alkali soils, the humus might become soluble not 
only in the presence of normal sodium carbonate, as Glinka suggested, but, if 
the htmus complex is in some respect saturated or changed into a sodium- 
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humus-complex, this change may convert the insoluble humus into a soluble 
one. This is done not only by the carbonates of soda, but also by the sulfate 
or chloride. 

Consequently it seems evident that, in alkali soils deficient in carbonate of 
soda, the humus-complex itself has the nature of changing easily into a coUoidal 
dispersion or true solution, provided only that the concentration of the neutral 
salts does not reach the limits of coagulation. 

Glinka’s theory has properly pointed out the difference between the soil- 
leaching processes in alkaline and acid media, but his discussion treated mostly 
the humus, the chemical composition of water extracts, and the typical mor¬ 
phology of alkali soils. The latter description was so characteristic, that the 
similarity between the Russian and the Hungarian alkali soils could easily be 
recognized. Since many chemical analyses of the Hungarian alkali soils were 
available, the author was interested to know whether some characteristic 
differences in the total chemical composition were found by the hydrochloric 


TABLE S 

Comparison of the chemical composition of a timber soil and of an alkali soil 


HORIZON 

TIMBER son. 

ALEAJ.I 

TBOBER son. 

ALKALI 

TIMBER 

son. 

ALKALI 

Ai 

M 


Bi 

Bs 

B 

c 

c 


percent 

per cent 

per cent 

per cent 

perceiU 

percent 

percent 

Ifercent 

NsnO . 

0.14 

0.28 

0.55 

0.52 

0.32 


0.18 

0.71 

K2O . 


0.55 

0.74 

0.54 

0.62 

1.06 


0.75 

CaO. 

0.25 

0.27 

2.27 

0.41 

0.66 

5.01 


6.43 

MgO. 


0.32 

1.27 

0.47 

0.45 

1.51 


2.34 

AtO, . 

4.36 

7.03 

5.17 

9.49 

10.79 

6.31 


7.57 

Fe2Q5 . 

3.54 

4.22 

4.20 

5.17 

5.15 

3.25 

4.30 

4.20 

COi . 



1.33 



3.84 


5.31 

SiOs. 

3.32 

4.62 

9.61 

4.76 

4.61 

11.59 

6.51 

5.48 


acid extract of the soil made according to HUgard. Moreover, the author was 
engaged at this time (in 1914-1916) in the study of the artificial zeolites, made 
by the alkaline solution of silicic acid and sodium aluminate (19, 20, 21). 
The author observed a very similar behavior in the colloidal sodium zeolites 
and in the alkali soils. The corresponding experiments of the Russian investi¬ 
gator Gedroiz were unknown in international literature, though in 1914, at 
the meeting of the Second International Soil Commission at Munich, when 
the chemical methods of soil anal)^ were treated, the theory of Ganssen on 
the reconstruction of the soil zeolites, based upon the composition of the 
hydrochloric acid extract of the soil, as well as the importance of the exchange 
of bases in soils, was discussed to a large extent. As the Russian investi¬ 
gators did not attend the meeting, however, nobody was informed about the 
e:q)eriments of Gedroiz. 

If the chemical composition of a timber soil is compared with that of an 
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Allffl-li soil in its full profile, some characteristic discrepancy as well as a certain 
correspondence is found. Robert Ballenegger, a Hungarian soil chemist, 
studied a t 3 T)ical timber-soil from Tenke (1). The corresponding analytical 
data of his investigations have been compared in table 5 with those of the 
author’s on the alkali soil profile at B^k&csaba. 

If the respective values of the acid and alkali soil profiles are compared, the 
most striking difference is found in the amount of Na^O and soluble SiQz. 
If horizon C is considered as representing the original regolith, out of which the 
upper soil-horizons A and B resulted, by processes of weathering and leaching, 
we might conclude that, in the case of acid-leaching, the silicates of sodium 
imderwent a certain decomposition and washing out from horizon Aj and As, 
and accumlated in horizon B 2 and Bj. On the contrary, in the alkali soil 
profile there is no washing out, rather an accumulation of sodium in horizon A, 


TABLE 6 

Chemical compositioK of hydrochloric extract of different soil horizons 


NTJlCBSa 07 SOlL-HOaiZON 

1 

B 

3 

B 

B 

6 


fercetU 

percent 

percent 

percent 

percent 

percent 

NaaO.. 

3.90 

3.38 


1.26 

1.93 

2.22 

KaO. 

0.36 

2.01 


1.37 

1.42 

2.03 

CaO. 

0.36 

0.37 


2.09 

2.06 

2.11 

MgO. 

1.00 

1.79 

1.42 

1.76 

1.29 

1.91 

FcaQs. 

4.64 

6.90 

8.38 

5.42 

5.20 

7.42 

AlA. 

8.20 

11.91 

10.84 

10.22 

8.99 

14.28 

SO,. 

0.27 

0.28 

0.19 

0.01 


0.03 

PA. 

0.08 

0.08 

0.12 

0.13 

0.12 

0.10 

ca. 


0.01 

0.28 

0.14 

0.201 

0.22 

SiOa... 

22.76 

28.61 

23.78 

17.78 

17.07 

27.14 

Loss on ignition. 

5.91 

5.98 

4.86 

5.20 

5.19 

6.65 

Insoluble residue. 

52.84 

39.58 

45.15 

55.45 

56.62 

35.99 


though the soluble Si02 accumulated in horizon B. This might be explained 
by the supposition that the alkali silicates accumulated in some manner in the 
alkali soil in the uppermost horizon A. As a similar accumulation of alkali 
silicates has been found by the author in other alkali soils, a more thorough 
investigation of the characteristics of alkaline soil weathering and leaching was 
undertaken in a most typical soil-profile at Hortobagy, one of the largest por¬ 
tions of alkali land in Hungary. Samples were taken in 1914 from the follow¬ 
ing soil-horizons: 

1, Surface-horizon A, eluvial, ash gray colored, total salt content 0.8 to 1.0 per cent, 
zeactbn neutral to phenolphthalein; 10 to 30 cm. deep. 

2. Horizon B, accumulation horizon, with more or less irregular columnar structure, 
dark-colored, impervious, very plastic when wet, and cracked when dry. Total salt content 
1.0 to 1.2 per cent, neulial. 
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3. Upper ferrugmous horizon, total salt 0^ to 0.4 per cent, sodium carbonate 0.02 per 
cent. 

4. Calcareous horizon, very hard and rich in concretions. Total salt 0J20 to 0.25 per cen , 
sodium carbonate 0.03 per cent, 

5. Second ferrugmous horizon, total salt 0.15 per cent, sodium carbonate 0.02 per cent. 

6 . Clay imderground horizon, somewhat sandy, light blue-gray color, total salt 0.10 to 
0.15 per cent, sodium carbonate 0.07 per cent. 

The chemical composition of the hydrochloric extract made according to 
HUgard is recorded in table 6.® 

If the insoluble residue is considered, two accumulation horizons are foimd 
here —2 and 6. In full harmony with that, two mariTna axe found for each 
soluble constituent. It is seen at once, that here again the sodium is concen¬ 
trated in the uppermost horizon, as in the other alkali soils. It seemed very 
instructive to separate the whole profile into two parts; the three upper hori¬ 
zons representing a different genesis from the three underl37ing horizons. 
We have all evidence to suppose that the alkaline soil-weathering and leaching 
reached approximately to the fourth horizon, and that beneath, a typical 
profile of acid soil weathering and leaching is found. The only deviation is 
found in the CaO-maximum in the fourth horizon which might be easily 
attributed to the posterior leaching from the alkaline horizons. This state¬ 
ment coincides with the historical fact, that some 100 years ago the whole 
territory on the Hortobagy was more or less swampy, in other words, under 
acid soil weathering and leaching conditions. Only later, when the regulating 
of the Tisza River and the drainage of the inundation territories were begun, 
did the former swampy lands, by becoming temporarily dry, give rise to the 
formation of alkali soiL 

The chemical characteristics of a soil are seen in a better light when the new 
terminology of soil analyses® is used. A short report in English was published 
in 1912 (17) and in 1915 (19). The advantage and application of the method 
were also pointed out. The respective values are summmarized in table 7. 

The relatively high amount of the total gram-equivalents of the positive 
constituents dissolved by the concentrated hydrochloric acid prove that we 
have to do with a soil-profile of an arid climate, and the fluctuation of these 
values through the whole profile confirms again the theoiy that, in the process 
of leaching of this soil we may assume the presence of two periods. The effect 
of the earlier leaching period extended down horizon 6, whereas the second 
leaching period influenced the soil only to horizon 4, the accumulation-horizon 
of the latter being horizon 2. From the relatively high amount of the soluble 
silica, we might conclude that the weathering of the mineral part was a very 
strong one and especially that horizon 2 and 6 are rich in decomposed silicates. 

^ The analyds was made by Geza Binder-Kotrba of this laboratoiy. 

* Suggested by the author in 1905, at the meeting of the chemic^ and mineralogical sec¬ 
tion of the Hungarian Society of Natural Sdences (13) and in 1909, at the Seventh Inter¬ 
national Congress of Applied Chemistiy in London (15). 
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We know that the concentrated hydrochloric acid may attack not only the 
weathered minerals, but also the most unaltered silicates (18,19), to a smaller 
degree and only in a highly disintegrate condition. The relatively large 
amounts of the total gram-equivalents showed at the same time that, although 
there was a double leaching, the latter was not so effective as in a humid climate, 
where the total gram-equivalents of the mono- and bivalent positive con¬ 
stituents range around 6 per cent and about 20 per cent in arid soils as in the 
present case (13,17). The same conclusion may be drawn from the very small 
portion of carbonate-equivalents. 


TABLE 7 

Inflttmce of hydrochloric acid upon the displacement of positive and negative ions from the soil 


SOIL HORIZON NTJICBER 



1 

2 

3 

4 

5 

6 

Totayx)sitive gm. equivalents, dissolved by cone. 
HCi in 100 gm. sdl. 

oasn 

1.2124 

1.1814 

1.0354 

0.9531 

1.40 


Soluble SiOs... 

percent 

22.76 

percent 

28.61 

ter cent 

23.78 

percent 

17.78 

percent 

17.07 

percent 

27.14 

Tn«oluhlft residue.. 

52.48 

39.58 

45.15 

55.45 

56.62 

35.99 

Na^. 

14.77 

8.99 

7.45 

3.93 

6.53 

5.11 


0.90 

3.52 

3.16 

2.81 

3.16 

3.07 

. 

Ca“. 

1.51 

1.09 

1.63 

7.20 

7.70 

5.36 

Mg“. 

5.82 

7.32 

7.22 

8.43 

6.72 

6.76 


20.47 

21.39 

26.66 

19.67 

20.50 

19.89 

. 

Al™. 

56.53 

57.69 

53.88 

57.96 

55.39 

59.81 

S04°. 

0.79 

0.57 

0.40 

0.02 

0.05 

COs“. 

0.04 

1.08 

0.62 

0.95 

0.72 

POil". 

0.39 

0.28 

0.43 

0.53 

0.53 

0.30 

SiOi^V. 

98.82 

99.11 

98.09 

98.83 

98.52 

98.93 

Surplus of soluble Si02. 

10.08 

10.50 

6.31 

2.36 

2.92 

6.23 


Total of mono- and bivalent positive 
constituent equivalents. 

23.00 

20.92 

19.46 

22.37 

24.11 

20.30 

Total of the trivalent positive constit¬ 
uent equivalents. 

77.00 

79.08 

80.54 

77.63 

75.89 

79.70 

Total negative equivalents—SiO^^. 


0.84 

1,91 

1.17 

1.48 

1.07 


If we now consider the percentage equivalent of the single constituents, we 
observe that sodium plays the leading r61e, especially in the three upper hori¬ 
zons, whereas the opposite is found in respect to calcium which, accumulating 
mostly in the lower three horizons, shows at first glance whether in alkali soil, 
the sodium has taken its place, later exceeding the mono- and bivalent cations 
ordinarily found in arid soils (13, 17). The author was, at the same time, 
engaged in the study of some artificial calcium zeolites prepared in the labora- 
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tory (19, 20, 21). In experimenting with these zeolites, the author observed 
several times, that the calcium zeolites behaved like a granulated mass, with a 
good filtering capacity; the respective sodium zeolites, on the contrary, repre¬ 
sented a very dispersed and diffusible mass of a bad filtering capacity. As 
the difference between the two compounds consisted chiefly in the different 
cations, which could be exchanged very quickly and nearly absolutely by the 
neutral salt solution of the respective cations, the same process was repeated 
with some alkali and with some non-alkali soil. The method used for this 
investigation was a mere provisory one, consisting of the treatment of 50 gm. 
of air-dry soil with 800 cc. of a 10 per cent solution of ammonium-nitrate. 
As the alkali soil contained more or less water-soluble alkali salts, another 
50-gm. portion of the soil was treated with pure water in the same manner. 
In table 8 the total amount of the bases determined in the ammonium salt 
solution is given; in table 9 the data on the water-solution are given; and in 
table 10 the differences of the two determinations calculated for each hundred 
grams of air-dry alkali soil of the six horizons of Hortobagy are reported. In 
the lower part of table 10 the respective values are calculated in millimol- 
percents. 

If the absolute quantities of the exchangeable bases are compared, it be¬ 
comes evident that the sodium dominates in the upper horizon, and decreases 
downwards. The calcium on the other hand reaches its maximum in the lowest 
horizon and gradually decreases toward the upper horizon. It seems very 
likely, that the sodium cation displaced the calcium cation. As the soil is at 
the present time infiltrated with sodium salts one is justified in supposing that 
the soil contains a silicate complex similar to the one prepared by the author 
under different conditions as well defined artificial zeolites. When these facts 
were first published (1915) nothing was known of the similar experiments pub¬ 
lished in Russian by Gedroiz just as that author could not have any idea of the 
author’s Hungarian and German aforcited publications (19, 20, 21). It 
would be a pleonasm to emphasize intensively the occurrence of this base 
exchange in alkali soils. If the fact is considered, that three investigators like 
Gedroiz, Kelley, and the author, very far distant from one another, and under 
very different conditions, quite independently from one another, and starting 
from different evidences, concluded in full agreement on the same point; that 
in the alkali soils a considerable part of the exchangeable cations is represented 
by sodium and this combined sodium may be responsible for the bad physical prop- 
erties of the alkali soil, it is e\ddent that in this respect the theory of Hilgard 
again needs some correction, and that the reclamation of alkali lands is not 
simply a soil-washing process. The theory of Glinka needs also to be corrected 
in regard to the exceptional rdle of normal sodium carbonate. According to 
the evidence reported above, the conversion of a soil irdo an alkali soil can be done 
by any neutral sodium salt. 

The author cannot agree with the classification of Gedroiz in regard to the 
terms saline and alkaline soil. Though chemically true, his distinction does not 
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TABLE 8 


Bases exchanged in 50 gm, of alkali soil hy 800 cc. of 10 per cent NH^NOi 


SOIL 

HORIZON 

NOICBEB 

CaO 

MgO 

KsO 

NasO 


mgm. 

1 miUi-mot 

mpn. 

1 miUi-mol 



mgm. 

ndUi-mci 

1 

73.1 


27 A 


45.1 

0.47 

298.8 

4.81 

2 

64.6 


162.8 


269.2 

2.84 

247.2 

3.98 

3 

152.2 


180.1 

4.46 

196 8 

2.08 

173.9 

2.80 

4 

275.4 


52.0 

1.28 

100.3 

1.06 

88.8 

1.43 

5 

296.8 

5.29 

127.4 

3.15 

34.4 

0.36 

8.4 

1.13 

6 

346.5 

6.17 

49.3 

1.22 

84.3 

0.89 

74.3 

1.19 


TABLE 9 


Amount of water-soluble material in 50 gm, of alkali soil 


SOILEORIZQN 

NXnCBEK 


NasO 

S0« 


tngm. 

mUi-mol 

mgm. 

ndUi-ma 

mgm. 

miUi-mol 

1 

25.0 

mEm 

127.9 

2.06 

48.0 

0.59 

2 

4.8 


153.6 

2.47 

81.6 

1.02 

3 

180.8 

0.91 

116.8 

1.88 

62.4 

0.77 

4 

136.0 

1.44 

78.4 

1.26 

32.5 

0.40 

5 

26.2 

0.27 

6.9 

mSSM 

15.4 

0.19 

6 

56.0 

0.59 

71.2 

n 

41.6 

0.51 


TABLE 10 

Exchangeable bases in the alkali soil at Hortobdgy 


SOILHORIZOK 

NUMBER 

CaO 

MgO 

KaO 

NaeO 

TOTAL 

MUli-mols in 100 gm. of sdl 

1 

2.60 

1.34 

0.42 



2 

2.30 

8.06 

5.58 



3 

5.42 

8.92 

0.34 

1.84 


4 

9.80 

2.56 


0.34 


5 

10.58 

6.30 

0.18 

0.04 

17.10 

6 

12.34 

2.44 

0.60 

0,10 

15.48 


MiUi-xnol per cent 

1 


13.5 

4.3 

55.8 

100.0 

2 


42.5 

29.4 

16.0 

100.0 

3 

32.8 

54.0 

2.0 

11.2 

100.0 

4 

77.1 

20.0 


2.9 

100.0 

5 

61.9 

36.8 

1.0 

0,3 

100.0 

6 

79.7 

15.8 

3.9 

0.6 

100.0 
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point out the fundamental character of aH alkali soils—that they are the results 
of an arid or semiarid climate, and if in some respects they may correspond to 
the littoral salines, nevertheless, they represent as a whole a different and 
typical soil type. It is known from the experiments of Hissink that amo'xg 
the saline marsh lands soil layers similar to the true alkali soils are found. 
He found also that, in this case, the amount of exchangeable sodium becomes 
rather high in comparison with the other polders,^ but the polder soil has its 
own character whether it is a saline or not; although it alwa3rs represents an 
unsaturated soil as a result of the soU-weaihering in an acid medium and imder 
permanent abundance of humidity. On the contrary an alkali soil, if truly 
alkaline or saline, is always the result of a greater or less accumulation of the 
monovalent cations; it gives a higher saturated condition to the whole soil profile 
even in the case shown above, when the earlier period of the soil-forming 
conditions favored an acid weathering and leaching. The question of the 
degree of saturation of the different soil types will be treated in a later report, 
as the author is not now able to give exact empirical data on the full question 
under consideration. But principally the author cannot agree with any 
conception whereby some single horizons or layers are taken out of the soil 
profile and treated as some typical soil. That is the great merit of the Russian 
agronomists who have proved that for the proper characterization of a soil or 
even of a soil type, it is not enough to study the surface or any other single horizon 
of the soil profile, but the genesis of the whole profile must be considered always. 
According to the definition of Gedroiz it is possible that the surface horizon 
of a soil profile might be alkaline, and a lower horizon of the same soil profile 
might be classified as a saline, and that another horizon of the same profile 
might be characterized as alkaline-saline. Therefore, it seems better to 
reserve the term alkali soiP^ for a distinction of the terrestrial salty soils resulting 
from an alkali medium in the above sense, ue,, under soil conditions of temporary 
abundance of humidity, as pointed out by Glinka and the author. On the other 
hand the term “saline soil” is applied to soils infiltrated for some reason, with 
a salt solution, independently of the climatic and genetic soil conditions. In 
this definition the latter has a general and a broader sense than the term 
“alkali soil,” which represents but a typical class of the saline soils in dry 
climates. This is also in full agreement with the original definition of BSlgard, 
the author of this term; but this terminology does not interfere with the genetic 
consideration of the whole soil profile, the characteristics of which were exem¬ 
plified by that of the alkali soil at Hortobagy. 

As a check, the same experiments were carried out with a soil at Reszthely. 
The total analysis of the hydrochloric soil extract made according to Hilgard is 
given in table 11. It might be stated that, as a whole, sodium pla 3 rs a very 
inferior, almost negligible rdle, in the full profile. The gradual decrease in 
insoluble residue indicates that the mineral matters decomposable by strong 

^Polder is a littoral endiked soil in Holland, but not marshland, formed by cultivation 
and son-washing of the salty “Uvelder” soils. 



TABLE 11 

Results of analysis of hydrochloric acid extract of the soil at Keszthely 


OTTMBEK AND DEFTE 07 THE 

SOIL HORIZON 

1 

0 TO 25 CM. 

2 

25 TO 50 CM. 

3 

50 TO 60 CM. 

4 

60 TO 70 CM. 

5 

70 TO 150 
CM. 


percent 

per unt 

percent 

percent 

per cent 

NaaO . 

0.19 

0.26 

0.19 

0.08 

0.18 

KaO . 

1.49 

1.46 

1.26 

1.62 

0.96 

CaO. 

4.23 

2.27 

2.30 

9.68 

19.46 

MgO. 

2.19 

2.28 

2.00 

2.80 

6.28 

FcaQs . 

3.90 

4.26 

3.62 

3.11 

2.27 

AlaO,. 

5.58 

9.64 

11.95 

13.19 

8.55 

SOs. 

0.04 

0.06 

0.05 

0.06 

0.03 

p*0,. 

0.22 

0.27 

0.19 

0.12 

0.12 

C 02 . 

1.94 

3.64 

3.94 

10.51 

21.86 

SiOj soluble. 

17.29 

19.92 

22.69 

19.53 

12.28 

Xioss on ignition.. 

5.39 

1.77 

3.85 

2.63 


Insoluble residue. 

56.56 

53.98 

47.82 

36.86 

27.69 

Total. 

99.02 

99.81 

99.86 

100.19 

99.68 


TABLE 12 

Influence of hydrochloric acid upon the displacement of positive and negative ions from 
the soil at Keszthely 



1 

2 

3 

4 

5 

Tot^ of tlie positive ^xam equivalents, dis¬ 
solved by oonc. HCl m 100 gm. of soil. 

682.15 

059.50 

1051.90 

1412.42 

1618.85 


percent 

percent 

percent 

per cent 

percent 

Soluble SiOs. 

17.29 

19.92 

22.69 

1 19.53 

12.28 

Insoluble residue. 

56.56 

53.98 

47.82 

1 

36.86 

27.69 

Na^. 

0.90 

0.86 

0.58 

0.18 

0.34 

. 

4.63 

3.23 

2.54 

2.44 

1 1.27 

Ca“. 

22.11 

8.44 

7.80 

24.43 

42.80 

Mg". 

2.83 

11.78 

9.43 

9.83 

19.25 

Feni. 

21.49 

16.69 

12.93 

8.28 

5.28 

Al“. 

48.04 

59.00 

66.72 

54.84 

31.03 

80^“. 

0.14 

0.15 

0.12 

0.11 

0.05 

COj“. 

1.39 

1.21 

0.78 

0.37 

0.32 

PO*™. 

12.51 

16.69 

16.47 

32.73 

59.40 

Si04^.. 

85.96 

81.95 

82.63 

66.79 

40.23 

Suzplus of soluble SiQi. 

8,45 

8.07 

9.59 

5.31 

2.46 

Total of the mono- and bivalent posi¬ 
tive constituent equivalents. 

Total of the tiivalent positive con¬ 
stituent equivalents. 

Total negative equivalents—Si04^... 

30,47 

69.53 

14.04 

24.31 

75.69 

18.05 

20,35 

79.65 

17.37 

36.88 

63.12 

33.21 

63.69 

36.31 

59.77 
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HCI, though very high in amount, were leached out of the upper soil horizon. 
The chemical characteristics of this profile according to the author’s system 
are given in table 12. 

The high amount of the total equivalents places the soil among those of 
arid climate, though all evidences point to the fact that in the earlier period 
of soil formation there was a time when the climate was more wet, and that this 
resulted in the washing down of the bivalent cations. This is generally the case 
in forest soils, and it is very likely that originally this land was overgrown 
with wood. After the soil was cultivated surface evaporation gave the more 
mobile soil constituents opportunity to migrate to the surface. Indeed a 
marked accumulation of sodium, potassium, and calcium equivalents charac¬ 
teristic of arid soils is found in the surface horizons. We see here again a 
certain similarity to the origin of the alkali soil at Hortobagy, with the only 


TABLE 13 

Exchangeable bases in the soil at Keszthely 


SOILHOB.1ZON 

NUMBER 

CaO 

MgO 

EsO 

NasO 

TOTAL 

Milli-mols in 100 gm. of soil 

1 

14.84 

0.96 

0.152 

0.376 

16.328 

2 

13.64 

0.54 

0.134 

0.408 

14.678 

3 

16.58 

2.42 

0.158 

0.066 

19.224 

4 

14.16 

2.50 

0.108 

0.344 

16.932 

5 

12.86 

0.72 

0.204 

0.222 

14.006 


MiUi-mol per cent 

1 

90.88 

5.87 

■m 

2.30 


2 

92.92 

3.67 


2.75 


3 

86.24 

12.58 

0.82 

0.34 


4 

83.74 

14.76 

0.63 

2.03 


5 

91.81 

5.14 

1.45 

1.58 

■■ 


difference that, in the latter case, the second period was arid, but intersected 
with temporary humid soil conditions, and that this resulted in the formation 
of a typical alkali soil profile; on the other hand, in the case of the 
soil at Keszthely, the earlier humid period was succeeded by an artificial dry 
period that resulted from bringing under cultivation the former forest land. 
It is easy to understand that destroying the forest and turning it over to regular 
agriculture, favor surface evaporation, which goes hand in hand with the 
accumulation of the more mobile soil constituents. 

The exchangeable bases were determined as previously, and the respective 
data are given in table 13.® 

If these data are compared with those in table 10, the conclusions may be 

* The determinations were made by the author’s former assistants Stephen Szdraz and 
Coloman Gehring. 
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drawn in the case of the soil atKeszthely, that the leading exchangeable cation 
over the whole profile is calcium, figuring the millimol percentage at an approxi¬ 
mate value of 83 to 93, the magnesium coming second but with a much smaller 
value, and potassium and sodium representing hardly 1 or 2 per cent. Here 
we have just the opposite from that foimd in the profile of the alkali soil, where 
the calcium was gradually displaced by sodium then by potassium and mag¬ 
nesium. 

When the author first obtained these results in 1915, he did not know of the 
investigations of Hissink, Gedroiz, and Kelley on the exchangeable cations in 


TABLE 14 


Exchangeable bases in the soils 


SOOi QTTALiry 


fHortoMgyl... 
Bad alkali, impermeable j B6k^scsaba 5.. 

[Me25heg3res... 

( B^k^scsaba 1. 
B^k6scsaba 2.. 
B6k6scsaba 11 

permeaile^^^y J'-;; 


Hortobdgy 1.. 
Bad alkali impezmeabk' B6k6scsaba 5.. 

Mez5liegyes... 

B6k4scsabal.. 
Mild alkali permeable |B6k6scsaba 2.. 

Is^k^scsaba 11 


Non-alkaE paine«ible|^^ J' 


CaO 

MsO 


NasO 

TOTAL 

MHli-mols m 100 gm. of soil 

2.60 

1.34 

0.94 

9.62 

14.50 

8.32 

3.86 

0.14 

7.30 

19.62 

17.65 

2.54 

0.55 

4.68 

25.42 

13.58 

5.18 

0.44 


19 20 

11.22 

2.32 

0.50 


14.04 

11.94 

4.16 

0.72 

0.16 

16.98 

15.96 

1.75 

0.33 

0.19 

18.23 

15.18 

1.82 

0.41 

0.12 

17.53 

MSliHOBol per cent 

17.93 

9.24 

6.48 

66.35 

100 

42.41 

19.67 

0.71 

37.21 

100 

69.43 


2.16 

18.41 

100 

70.73 

26.98 

2.29 


100 

79.92 

16.52 

3.56 


100 

70.32 


4.24 

0.94 

100 

87.56 

9.61 

1.82 

1.01 

100 

86.55 


2.36 

0.41 

100 


neutral and add soils, (2, 3, 6, 7,8,9,10). His OAvn original publications in 
Hungarian date back to 1917. In tbe author’s inaugural dissertation in 1916, 
at the Academy of Sdences at Budapest and at the meeting of the chemical 
and mineraln^cal Section of the Hungarian Sodety of Natural Sdences, he 
reviewed his first esperiments in this fidd, showing some characteristic evi- 
daices between tbe permeatnlity of different soils and the relative amount of 
different ^diangeable cations (19, 20). The respective values are given in 
table 14, 
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Among the soils of a bad filtering capacity, a gradual displacement of calcium 
by sodium is found, whereas in the case of good permeability, even if the soil 
itself may be of an alkali character, the relative value of the sodium miUimols 
among the exchangeable bases seems to be quite negligible. This fact was 
indeed the starring point of the author’s further studies in that line. At that 
time the experiments of Hissink and of Kelley (6,10) were not yet published, 
and those of Gedroiz in Russian were unavailable. It is true, on the other hand, 
that the author’s publications in Hungarian were useless to the aforemen¬ 
tioned investigators. After all, there is now plenty of evidence to show that 
the dominant rdle of the exchangeable calcium in neutral and add soils, and 
also of the fact that, in the case of alkali soils, its place may be taken partly or 
fully by the cation sodium. 

The author does not intend further to discuss here the prindpal question: 
wkaher the displacing of these cations represents a true chemical reaction. Based 
on his experiments on the artificial zeolites, and various other investigations, 
not yet published, the author is inclined toward the chemical e:q>lanarion of 
this phenomenon; he hopes to be able to give a detailed confirmation of this 
view in the near future. 

In summing up the theory of the origin of alkali soils, it may be stated that 
alkali soils may originate under arid and semiarid conditions, where in the past 
there is in the soil a temporary abundance of humidity irdersected by dry periods. 
In the case of the Hungarian alkali lands that this was effected is historically 
indicated by the large inundational territories of earlier times, resulting partly 
in swampy and peaty lands and partly in alkali soils. Another combination of 
favorable conditions for the origin of alkali soils was the collection of seepage 
water in the lower basins and water rivulets in the large sandy territory between 
the two main rivers, the Danube and the Tisza (Theiss), the bottom of these 
lowlands being always impervious clay or calcareous hardpan. In both cases 
there was an opportunity for the sodium salts to accumulate on the surface, 
and the more or less concentrated sodium salt solutions reacted with the zeoKte- 
humate-complex in the soil in replacing in some degree the calcium, magnesium, 
and potassium by the sodium cation. Tiie degree of this replacement was differ¬ 
ent according to local circumstances; it was evidently dependent not only on- 
the concentration of the same solution lodging in the sml repeatedly but, also 
on the fact that the ratio of the cations in the solution, and the original com¬ 
position of the solid phase of the soil might r^ulate the equilibrium of the whole 
reaction, whidr according to Ramann (11) foUows the law of mass action. As 
far as the genesis of the alkali soils in other parts of the world can be observed, 
similar considerations can be traced. It is hoped that the dose coSperarion 
of the numerous investigators engaged in this line of work will insure quicker 
solution of the problenu In this respect the author diould like to open here 
the discussion on the origin of the different alkali soils of the world. The dis¬ 
cussion should treat the following questions: 
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1. Is it right to generaliase the thesis that, for the formation of alkali soils, in the above 
sense, three factors are responsible; namely, arid or semiarid climate, an impervious subsoil 
or hardpan, and temporary abundance of humidity in the soil, intersected with dry periods? 

2. Is it right to treat the alkali soils as soils in which the exchangeable sodium becomes to 
some extent a ruling factor, or may it not be that in some cases, other cations, like potassium, 
and magnesium are displacing to a more or less degree the exchangeable calcium? 

3. What is the typical morphological and chemical character, in the above discussed 
sense, of the t)T)ical alkali soil profiles in different parts of the world? Which factors of the 
soil formation may chiefly influence this evolution? 

As the salty soils of humid climate are of different origin, but have some 
resemblance in their chemical and physical character, they should be treated 
under a separate heading. 
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PLATE 2 

Fig. 1. How the vertical di&trihution of the four topical soil-horizons fliiclualcs in a 
cross-section through the different salt daises, along the line ABCDEFGH shown in plate 1. 
Fig. 2. Corresponding salt content of the four soil-horizons of figure 1. 
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DO COLLOIDS EXIST AS A COATING AROUND^HE SOIL GRAINS 

GEORGE JOHN BOUYOUCOS 
Michigan State Agricultural Experiment Station 

Secdved for publication December 7, 1925 

It appears to be the general belief that the colloids in the soil exist as a coat¬ 
ing around the soil grains or as an encasing gel (2,4,6). As the subject, how¬ 
ever, seems never to have received a direct and purposeful study, this belief 
is founded more on supposition than on experimental facts. This supposition 
was probably based upon the old idea that the colloidal matter in the soil was 
small, rarely over 1.5 per cent according to the claims of Schloesing (7) which 
persisted until recently. The inference was logical, therefore, that this small 
amount of coUoidal matter would be spread as a coating aroimd the soil grains. 
Recent studies (1,3) have revealed, however, that the colloidal content of soils 
is very large, amounting to more than 70 per cent in many typical heavy days, 
more than SO per cent in some day loams, and more than 15 per cent even in 
typical sandy loams. It becomes at once apparent, therefore, that all this 
colloidal mass cannot exist entirdy as a coating around the soil grains, es- 
pedally in the days and day loams. In view of these new revelations, it is of 
considerable interest and importance to ascertain how the colloidal complex 
really exists in the soil. It is the object of this paper, therefore, to present data 
bearing on the subject. It must be stated at the outset, however, that the 
subject presents many difficulties in the way of arriving at an absolute con- 
dusion as to the actual constitution of the colloidal material in the soil, but 
the observations and experimental data presented herewith tend to throw much 
light on the subject. 

EXPEKDUENTAL 

The problem has been studied prindpally by two cMerent methods: first, 
by optical examination; and secondly, by the heat of wetting method. 

Optical Examination 

The soils were examined both by the nahed eye and under the microscope. 
Both t37pes of examinations revealed the fact that the coarse soil material, 
such as the gravel and the coarse and some of the fine sand, was not always 
encased in a coating of colloidal material. On the contrary, in almost all 
the mucks and peats examined in dry condition, the sand present was dean. 
When a wet block of muck or peat was allowed to dry intact, the sand par- 
tides could easily be seen with the naked eye enmeshed in or stuck to the or- 
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ganic material or colloid, but upon gentle crumbling of the blocks, the sand 
particles would fall apart as independent material and with a dean surface. 
On the surface of mucks and peats in the field the dean sand partides could 
readily be seen shining. 

The optical examination of the mineral soils revealed, in general, the same 
facts as in the case of the organic soils. In sandy soils the larger sand partides 
could be readily seen, even with the naked eye, to be mostly bare and not 
covered with a coating of gd. In some cases these larger sand partides were 
covered with a coating, which would come off on the slightest rubbing between 
the fingers, indicating that the force with which a coating may be hdd around 
a sand partide is probably not very great. Sand partides small enough to 
pass a 100-mesh sieve could be readily seen to be bare and with a white surface. 

In the heavier dasses of soils—^induding the loams, the silts and the days, 
most of the gravel, and the large and medium sands—^the solid particles also 
appeared practically devoid of a gd coating. Whatever coating they did 
have, came off rather readily. When these soUs were allowed to dry in solid 
masses and were then broken in two or more pieces, the gravd and the sand 
could be easily seen on the broken sides sticking to the mass and would come 
off rather easily and bare. Where the solid partides were extremdy fine 
and the amount present was not so large as in clays, they were not so ap¬ 
parent to the naked eye but under the microscope they could be seen in most 
cases. 

These find sand partides were more or less completdy enmeshed in the day 
or colloidal material, but, as will be shown subsequently, even under these 
conditions they also tended to fall apart more or less independently of the 
colloidal material. 

Heat of wetting 

The observations made under the optical examination were tested by means 
of the heat of wetting method. It was reasoned that if the sand particles were 
more or less devoid of a colloidal coating, their heat of wetting ought to be 
very low. The difficult problem that presented itself, however, was how to 
separate the sand partides from the colloidal material or from the rest of the 
soil mass. Two procedures were attempted: one consisted of picking out, by 
means of forceps, the sand partides that were visible to the naked eye, and the 
other, of sieving the soils. The first method was practical and quite satisfac¬ 
tory with the sands, sandy loams, loams, and day loams, but not always with 
the heavy clays or soils in which the sand partides were extremely small and 
dust covered. With the second method, the soil was sieved without grinding, 
if possible, and where necessary the soil mass was crumbled gently. Soils 
taken from the surface fidd were first allowed to dry and then were passed 
through a 10-mesh sieve to separate them from stones and gravd. The soils 
that were dried hard were either pressed with the hand on the 10-mesh sieve 
until they crumbled and went through it or they were broken up in a mortar 
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into crumbles. After a soil bad passed a 10-mesh sieve it was well mixed and 
then sieved through a 200-mesh sieve. The material that went through the 
200-mesh and that which remained behind were considered different and their 
heats of wetting were determined. Table 1 contains the results obtained on 
the sand particles picked out with forceps and table 2 contains the results on 
the soils sieved. 


TABLE 1 

Heat of -jaetting of picked sand particles from dijfereni soils 



CAlOaiESPEK 

GRAU 

Norfolk sandy loam... 

0.13 

Fresno fine sand}^ loam.. 

0.10 

Corville Sfl-nHy Irinm . 

0.11 

Chester loam, .. 

0.19 

Crowly silt loam. 

0.12 

AmariUo fine sandy loam... 

0.21 

Rhode Island sandy loam... 

0.10 

Pennsylvania silt loam..... 

0.11 

Tennessee silt loam.... 

0.15 

Michigan clay loam. 

0.16 

Illinois black clay loam...... 

0.23 



TABLE 2 

Heats of wetting of imterial passing 200~mesh sieve and of that remaining behind 



SOILS 

UAXERIAL PASS- 
TNG 200-IIESH 
SIEVE 

MATERIAL 

REICAIKING 

BEHIND 

1 

Norfolk sandy loam. 

calories per 
gram 

3.94 

calories Per 
gram 

2.05 

2 

Fresno fine sandy loam. 

1.32 

0.92 

3 

Corville sandy loam. 

1.03 

0.57 

4 

Amarillo fine sandy loam. 

6.54 

3.41 

5 

Rhode Island sandy loam. 

2.78 

2.47 

6 

Pennsylvania silt loam. 

2.54 

3.09 

7 

Ohio silt loam. 

2.07 

2.35 

S 

Michigan day loam. 

4.05 

4.98 

9 

Illinois clay loam. 

3.24 

4.04 

10 

Michigan Ontonagon clay loam Ai. 

3.74 

4.14 

11 

Michigan Ontonagon clay loam A 2 . 

3.51 

4.95 

12 

Michigan Ontonagon clay loam Bi. 

6.30 

6.92 

13 

Red clay. 

2.30 

3.41 

14 

California adobe cla^'. 

5.70 

6.20 


An examination of the results in table 1 shows immediately that the heat of 
wetting of the sand particles which can be easily separated from the soils, is 
practically negligible, which goes to prove that these sand particles have prac¬ 
tically no colloidal coatings around them. The slight heat of wetting that is 
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shown is due mainly to the dust of the finer material adhering to their surfaces, 
and also to some soil particles taken in by mistake because of the difficulty of 
separation. If it were not for these two latter factors, the heat of wetting 
would have been nil, almost the same as that of quartz sand. The conclusion 
of these results would seem to be, therefore, that as a general rule the gravel, 
the large sands, and in some cases the fine sands, either are not covered or do 
not stay permanently covered with a colloidal coating. There are undoubtedly 
exceptions, but in general this conclusion would hold. 

The results in table 2, show that with the exception of three cases out of four- 
teem, the heat of wetting of the material that went through the 200-mesh sieve* 
is greater than that which remained behind. In other words, the material 
that remained behind in the 200-mesh sieve, and contained in many cases the 
gravel and the coarse sand, gave a higher heat of wetting than the fine material 
that could pass the 200-mesh sieve, except in the three cases mentioned. The 
difference in some cases is quite appreciable; for instance, on Ontonagon clay 
loam As the 200-mesh sieved material gave a heat of wetting of 3.51 calories 
per gram as against 4.95 calories of the coarse material. In red clay the heat 
of wetting was 2.30 calories for the fine material and 3.41 calories for the 
coarse material. The remarkable thing is that the coarse material in some 
soils, as in Rhode Island sandy loam, contains as much as 25 per cent of coarse 
gravel and sand which itself had no heat of wetting, and yet the total coarse 
material gave a higher heat of wetting than the fine whidi went through the 
200-mesh sieve. 

The question now is, how can these results be explained. For one thing it is 
very apparent that the coarse material contains more colloids than the fine 
material which goes through the 200-mesh sieve. This conclusion seems in¬ 
evitable because, as has been previously shown (1), it is the colloidal material 
which is mainly responsible for the heat of wetting. The fine material, there¬ 
fore, contains a greater proportion of non-coUoidal substance, mainly very 
fine sand, than the coarse portion even though the latter also contains the 
gravel and the coarse sand, but the larger proportion of colloid out-weighs these 
coarser substances. 

In reference to the constitution of the colloidal material in soils, these results 
can be most reasonably explained on the h 3 q)othesis either that the colloids 
in the soil do not exist wholly or permanently as a coating around even the 
small grains, or that they are evenly distributed around the soil grains or 
throughout the soil mass. If the colloids existed as a coating around the soil 
grains, especially the smallest, then the fine material which went through the 
200-mesh sieve certainly ought to contain more colloids and should give a 
higher heat of wetting. 

The most logical hypothesis under which these results can be explained is 
that the colloids in the soil exist partly as a coating and partly as an inde¬ 
pendent component containing various amounts of impurities. Which of 
these two forms will predominate will depend upon the soil or upon the total 
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colloidal content present. In the sands, the coating form should be expected 
to predominate, but because of the poor adhesion between the surfaces of the 
sand and the colloidal coatings, the latter tend to break ofiF easily under tillage 
process. In the sandy loams, loams, silts, and clays, the colloids as an in¬ 
dependent component would tend to predominate. In these soils there may 
be compound particles which are composed largely of colloidal material, and 
which, because of the great adhesive—cohesive and cementing forces of the 
colloidal particles, are hard and almost unbreakable when dry. 

The results obtained on the heat of wetting of the fine and coarse material 
as already considered, fit very well the above hypothesis, and are explainable 
by it. For instance, the reason that the coarse material gives a higher heat of 
wetting than the fine material which passes the 200-mesh sieve is because the 
coarse material contains a large portion of the colloids as an independent 
component or as compound colloidal particles. These compound colloidal 
particles together with that portion of the colloids which may exist as a coating 
give the coarse material a higher percentage of colloidal material than they do 
the fine material. Since large portions of the colloids exist as compound par¬ 
ticles and are quite obdurate to breaking they do not pass through the 200- 
mesh sieve. The fine material that passes the 200-mesh sieve is composed of 
very fine sand, more or less coated with colloids, of some silt, and of some 
colloidal dust. The colloidal dust does not predominate in the fine material 
as do the colloidal compounds in the coarse material, and consequently the 
heat of wetting in the former is less than in the latter. Considering that the 
fine sand and silt passing the 200-mesh sieve present an enormous surface, it 
becomes evident that if this surface was weU coated with colloids, the heat of 
wetting should be much greater in the fine than in the coarse material. 

The above hypothesis also tends to explain the results that are exceptions 
to the general trend. Table 2 shows that the three exceptions of a greater 
heat of wetting in the fine than in the coarse material, are confined to the sandy 
soils. It was stated above that the adhesive forces between the surfaces of 
the sands and the colloids are not so great as the cohesive forces of the colloidal 
particles. The coUoidal coating of the sand particles, therefore, can easily 
break off and if in a thin layer, will crumble into fine particles on slight dis¬ 
turbance. When these sandy soils, therefore, are sieved, the fine colloidal 
particles will pass through, and the proportion of the colloids to the fine sand 
that also went through the sieve, is greater than that of the colloids to the sand 
remaining behind. The result is that the fine material has a higher heat of 
wetting than the coarse, as the results show. 

It might be argued that the difference in the heat of wetting of the fine and 
coarse material as separated by the sieve does not prove that all the colloids 
are not present in the soil as a coating around the soil particles, because in the 
handling and preparation of the soil for sieving, the colloidal coating could 
break off or crack from the soil grains and thus give the results obtained. The 
answer to this argument is that aU the handling or treatment that most of the 
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soils employed received, was merely putting them in the sieve and shaking them 
gently. But the results of the soils that were merely gently sieved are the same 
as those where the soils were ground to crumbs. So it does not appear that 
the handling of the soils is responsible for the type of results obtained. 

That the colloidal content of the soils may not and cannot all exist as a 
coating around the soil grains, is supported very forcibly by the mode of oc¬ 
currence and the amount of colloids in the soil. 

A comprehensive consideration of the actual occurrence of the colloids in the 
soil reveals immediately the fact that they do not remain v/here they are 
formed—^in the most rapidly weathering zones of the earth crust. In the 
humic regions, they have a tendency to move downward with the percolating 
water, and to concentrate at certain zones or subsoils, so that the latter almost 
always contain more colloids than the surface soil. It is very well known, of 
course, that when the colloids are dispersed, as they are by repeated washing 
or by other treatments, they will pass through even a very fine filtering medium, 
such as filter paper. The colloids from the surface soils, therefore, as a pure 
colloid can easily pass through a column of soil and concentrate in the subsoil 
or B horizon. When they concentrate at the lower horizons, they can do so in 
an irregular manner; in the capiUar 5 >^ channels of the soil, at the edges of par¬ 
ticles, etc. These percolating colloids do not necessarily concentrate, there¬ 
fore, around the soil grains with the latter as a nucleus. Even in the ideal 
cases where it is imagined that the colloid gel is formed around the original 
mineral particle by the decomposition and hydrolyses process, it cannot be 
said that this gel will premanently stay there. It must always be remembered 
that the soil is a dynamic and not a static system. 

The days which are nearly all colloids (1, S) are formed principally under 
still water. The non-colloidal and some colloidal material will settle first 
and the purer colloidal last. This last colloidal material certainly does not 
exist as a coating. If this day soil should be put under cultivation, it is not 
reasonable to suppose that the colloidal part will be finally distributed as a 
coating around the soil grains, espedally when it is remembered that the col¬ 
loids exist in the soil not as sol but almost wholly as gel. 

SUMMARY 

A study has been made to determine the constitution of the colloids in the 
soil. The old idea has been that the coUoidal content of the soils exists entirely 
as a coating axound the soil grains. This idea probably originated from the old 
belief that the colloidal content of soils was rarely more than 1.5 per cent. 
We now know, however, that the amount of colloids in the average soil is 
more than 70 per cent in many cases. 

The experimental results presented in the foregoing study indicate that the 
colloids in the soil do not exist entirely as a coating aroimd the soil grains, but 
also as an independent component, either pure or containing different amount 
of impurities and scattered irregularly throughout the soil mass. 
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The experimental results and conclusions are strongly supported by a logical 
consideration of the form and amount of the colloids present in the soil. 

Optical exa min ation of soils shows that they contain particles of sand and 
pebbles of various sizes which are not covered with colloidal gel. 

The soil material that goes through 200- and 32S-me3h sieves, is not clay. 
As a rule it contains less day and colloids than the coarse material remaining 
behind. 
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Sulfur as brought from the mine in the crude state by the Frash hot-water 
process, when cool remains in the lump form. For agricultural use, and es¬ 
pecially for use on soils, the crude lump which is usually more than 99 per 
cent pure, is ground into different grades according to fineness, the very finely 
ground, being known as “flour sulfur.’’ Since the more finely the sulfur is 
groimd, the more expensive is the process, if coarser material is sufficiently 
effective, a coarser grinding of sulfur used on soils would be economical. 

For many uses also the crude lump sulfur instead of being ground, is melted 
and distilled for purification. The distillate may be cooled and collected by 
a certain process in the form of very fine particles, and is known as “flowers of 
sulfur,” or it may be cooled en masse, later to be broken up and ground as 
in the case of the crude sulfur. The refined and purified sulfur is of course 
more expensive than the crude sulfur, regardless of grinding, and perhaps is 
no more effective on the soil. 

In this study, different grades of crude sulfur, according to fineness of grind¬ 
ing, were compared. Refined flour sulfur, as well as a composite sample 
with all degrees of fineness of the crude were also used. The chief study was 
to determine the rate of oxidation. 

Three soils were used in the study, all rather coarse in texture and carrying 
a good proportion of sand, as is characteristic of areas of light rainfall. Soil 
1 is known as Redmond sandy loam and is characteristic of Eastern Oregon 
soils. Soil 2 is a sandy loam from Ellamath Falls, and is characteristic of 
Southeastern Oregon soils. Soil 3 is a Columbia fine sandy loam from Grants 
Pass, and is typical of Southern Oregon soils. All the soils are nearly neutral 
in reaction and in good physical condition. All are fairly productive soils but 
respond to the use of sulfur on legumes imder field conditions. 

1 The work was started on soil 1 by Messrs. Lance and Higby, who were doing some ad¬ 
vanced work in soils under the direction of Prof. C. V. Ruzek. S. C. Lance and W, M. Higby 
together made the analysis of sulfates for the one soil for one month. School closed at that 
time and the problem was considered of sufficient importance to be assigned to the author 
for completion. Two other soils were then taken up and the study completed as herein 
reported. 

Published by permission of the Director of the Oregon Agricultural Experiment Station. 
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In this study the soils were incubated in earthenware jars after being treated 
with the different sulfur separates. On two of the soils, sulfur was applied at 
the rate of 1,000 pounds per 2,000,000 pounds of soil, and on the other, the 
rate was doubled. Heavy applications were used in order to obtain differences 
that could be accurately determined. The moisture was maintained at about 
optimum, or 20 per cent, and the temperature was that of the laboratory. 

The different grades of suKur used were 100, 80, 60, 40, 20, 10 and coarser 
than 10 mesh, being compared also with the original sand suKur or composite, 
containing all the separates in the following per cents, 10.1, 3.3, 9.5, 13.9, 
47.1, 16.0, and 0.1 respectively. These were further compared Muth refined 
flour sulfur, all of which passed the 100-mesh sieve. 

The test was continued for 5| months. Samplings were made at intervals 
of 2, 2, 3, 4, and 8 weeks. The samples were dried and the soluble sulfate 
was extracted with water, 5 parts of water being used to 1 part of soil. The 
results represent gravimetric determinations. Table 1 shows the size of sul¬ 
fur particles, and the amount oxidized to sulfate sulfur at each sampling, and 
the percentage of sulfur oxidized at the final sampling. 

With the exception of a few irregularities, there is a consistent increase in 
the amount of sulfur oxidized with each successive sampling and a consistent 
decrease in the amount oxidized with increasing coarseness of grinding. The 
refined flour sulfur, all of which passed the 100-mesh sieve in every case, failed 
to oxidize as rapidly as the 100-mesh crude sulfur, and in two cases was not 
oxidized more rapidly than the 80-mesh crude. There is no apparent reason 
for more rapid oxidation of the crude sulfur. 

Material coarser than 40 mesh oxidized very slowly, whereas material finer 
than 40 mesh was rather rapidly oxidized. The crude sand sulfur as a com¬ 
posite sample was rather slowly oxidized, no doubt because of the high per¬ 
centage of the coarser material—^nearly two-thirds of the composite is coarser 
than 40 mesh, and only about one-fourth is finer; the 20-mesh size represents 
almost half the composite. 

In what way suKur application to the soil in the sections of limited rainfall 
stimulates the growth of legumes is not definitely known. It has been pos¬ 
tulated that the sulfuric acid produced brings plant nutrients, and especially 
calcium, into solution and is for that reason stimulating. It is also believed 
that the sulfur in some cases at least may stimulate the legume organism and 
thus indirectly benefit the legume. The slight neutralizing effect of the oxi¬ 
dized sulfur has also been suggested as a cause for stimulation. This sugges¬ 
tion is given more credence since it has been found that many plants, and 
even the legumes, make better growth in a slightly acid culture solution. 
Whether the same condition is true in the fidd, espedally for alfalfa, may be 
open to question. 

But whatever may be the reason for the benefidal effect of the sulfur, only 
a reasonably rapid oxidation under field conditions is necessary or desirable. 
Even where sulfur may be needed to supply sulfate as plant-food, a suffidently 
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rapid oxidation would occur with 40-mesh and the finer materials. Where 
leaching may occur very rapid oxidation may result in unnecessary loss of 
sulfate and perhaps other nutrients. A conservative recommendation is to 
use sulfur all of which passes a 40-mesh sieve. With the finer separates that 
would naturally be present, oxidation should occur sufficiently rapidly for 
soil use. 

The system of farming, however, may have some bearing upon the degree 
of fineness advisable. Where very light applications are made annually, 
fine material should prove preferable. Where a heavier application is applied 
once in three or four years, coarser material would be preferable. Under 
such conditions, sulfur ground to pass a 10-mesh sieve would probably give 
satisfactory results. Only the crude sulfur would seem to be necessary in 
any case. Aside from the fact that the cost of crude sand sulfur is only about 
two-thirds that of the fine sulfur, the slow oxidation of the coarser particles 
should render it more effective through a period of three or four years. For 
immediate results, however, the finer the material the more effective it should 
prove. 

TABLE 2 

Acidity produced from sulfur treatments 
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ACIDITY PRODUCED 

Since sulfur treatment produces acidity, soil 1 was studied to determine 
the change in active acidity and in the lime requirement. Table 2 shows that 
the lime requirement (1.2) was increased somewhat in proportion to the sul¬ 
fur oxidized. The original soil was neutral. The other soils were similar in 
nature and practically neutral in reaction, and the effect of the sulfur on the 
reaction should be very similar to the results reported above. Sandy soils 
which are ordinarily low in both clay and organic matter exhibit very little 
buffer action, and have small capacity to neutralize acid unless carbonates or 
a lk a lin ity is present. Consequently, a relatively small amount of oxidized 
sulfur, may change both the lime requirement and the hydrogen-ion concen¬ 
tration. Such a change would occur very soon after the application of fine 
sulfur, because of its very rapid oxidation. A continued extensive use of sul¬ 
fur might produce an appreciable increase in both the lime requirement and 
the active acidity, and it is conceivable that on soils already slightly acid, the 
increased acidity might be harmful rather than beneficial. But as the 
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tendency of arid and semi-arid soils is toward alkalinity, the result would 
most probably be beneficial. 

Since sulfuric is a strong and highly active acid, results common to acid 
soils, whether desirable or otherwise, will be very marked with a relatively 
small total sulfuric acidity. The acidity of inactive acid silicates and of 
easily oxidized and weaker organic acids is much less violent in its effect. 


WATER-SOLUBLE CALCIUM 

The amount of water-soluble calcium in previous work, some of which has 
not been published, has proved a rather sensitive indication of the amoimt 
of suKur oxidized. The sulfuric acid produced brings calcium into solution 
very profusely. The results are shown in table 3 for soil 1 at the end of the 
experiment. 

The large amount of water-soluble calcium might be one reason for the 
stimulation caused by sulfur on lime-loving plants. It is common knowledge 
that an application of limestone benefits legumes on sour soils, which are 
likely to be deficient in available calcium. Though the correction of the 
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acidity to favor legume bacteria is usually suggested as the major reason for 
the response of legumes to lime, the supplying of available calcium doubtless 
is at times an important factor. 

Since there is a marked increase in soluble calcium due to sulfur oxidation 
and subsequent solution, the application of sulfur temporarily functions in¬ 
directly to increase the supply of available calcium. This result will doubt¬ 
less prove beneficial until a dangerously high degree of acidity results, as 
would seldom occur on soils responding to sulfur, or until the soil supply of 
calcium is detrimentally reduced by leaching. Where sulfur is used, there¬ 
fore, it becomes important from the standpoint of calcium conservation, to 
adopt methods which will prevent unnecessary leaching. 

CONCLUSIONS 

1. The more finely sulfur is ground, the more rapidly it is oxidized. Sulfur 
ground to pass a 40-mesh sieve should contain enough fine material to satisfy 
the most urgent needs for soil use. 


















494 


R. E. STEPHENSON 


2. The oxidation of sulfur increases acidity or neutralizes alkalinity on 
alkaline soils. 

3. The acid produced from the oxidized sulfur brings calcium into solution 
rather freely. 
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